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Figure 2
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Figure 7

Definitions of abbreviated terms

Term Units | Definition
n Total number of breaths in the target sequence
i Index of breath number in the target sequence

pETog[,-]T N mmHg | Target end-tidal partial pressure of O2 during breath i

pETC()g[,-]T mmHg | Target end-tidal partial pressure of CO2 during breath i

P.02[i]" mmHg Measured end-tidal partial pressure of O2 during breath ;

_pm_cog[,-]’” mmHg  Measured end-tidal partial pressure of CO2 during breath §

pH[i] pH of pulmonary end-capillary blood during breath i

THC03] mmol/L | Bicarbonate concentration of the blood throughout the
circulation

P,02[i] 'mmHg |Partial pressure of O2 in the pulmonary end-capillary blood

during breath i

p,coz|i] mmHg |Partial pressure of CO2 in the pulmonary end-capillary
blood during breath i

T C Body temperature

S[,O,?[i] % 02 saturation of the pulmonary end-capillary blood during
breath /

Hp g/dL Concentration of haemoglobin in the blood throughout the
circulation

C,,O,,?[z'] mi/dL . 02 content of the pulmonary end-capitllary blood during
breath §

EPCO2[i] mi/dL. | CO2 content of the pulmonary end-capillary blood during

breath i J
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Figure 7 — (continued)

c,o2i] ml/dL | O2 content of the arterial blood during breath i

c,co2[i] mi/dL  |CO2 content of the arterial blood during breath i

CW(T)OZ[i] mi/dL |02 content of the mixed-venous blood leaving the tissues

during breath i

ChrnCO2[i] |mlidL | CO2 content of the mixed-venous blood leaving the tissues

during breath i

C,,, O2[i] mli/dL  |O2 content of the mixed-venous blood entering the

pulmonary circulation during breath i

C,,CO2[i{] |mi/dL |CO2 content of the mixed-venous blood entering the

pulmonary circulation during during breath i

s %/100 |Intrapulmonary shunt fraction
Q dL/min |Cardiac output
. min Breath period
Vo2 mil/min | Overall metabolic consumption of O2
VCO2 ml/min |Overall metabolic production of CO2
702 Total number of compartments in the model of O2 in the
tissues
j Index of the compartments in the model of O2 in the
tissues
vo2, %/100 |Fraction of the overall metabolic consumption of 02

assigned to compartment ; of the model of O2 in the

tissues

q, %/100 |Fraction of the overall cardiac output assigned to

compartment ; of the model of O2 in the tissues

do2, mi Storage capacity for O2 of compartment ; of the model of
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Figure 7 — (continued)

02 in the tissues

Ficos Total number of compartments in the model of CO2 in the
tissues

k Index of the compartments in the model of CO2 in the
tissues

veo2, %/100 |Fraction of the overall metabolic production of CO2
assigned to compartment k of the model of CO2 in the
tissues

. %/100 |Fraction of the overall cardiac output assigned to
compartment & of the model of CO2 in the tissues

daco2, ml Storage capacity for CO2 of compartment k¢ of the model
of COZ2 in the tissues

SGDC Sequential gas delivery circuit

PT Pressure transducer

GA 02/C0O2 gas analyzer o

DX Display

CPU Computer

ID Input device

GB Gas blender

FT Flow transducer

G, The controlled gas mixture inspired by the subject J
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Figure 7 — (continued)

G, Neutral gas inspired by the subject

FG, mi/min |Rate at which the controlled gas mixture (G;) is made
available for inspiration

VG, mi Average volume of the controlled gas mixture (G,)
inspired into the alveoli per breath

VG, ml Average volume of neutral gas (G,) inspired into the
alveoli per breath

Vr mi Tidal volume

vy mi Anatomical dead space

P,02[i] mmHg |Partial pressure of O2 in the controlled gas mixture (G,)
during breath

7’,CO2[1‘] mmHg | Partial pressure of CO2 in the controlied gas mixture (G, )

during breath |

F,02]i] %/100 | Fractional concentraton of O2 in the controlled gas
mixture (G, ) durning breath i

F.co2fi] %/100 |Fractional concentration of CO2 in the controlled gas
mixture (G, ) during breath i

FRC ml Functional residual capacity

w kg Subject weight

H m Subject height

A years |Subject age

G male/ |Subject sex

female
Hp, # Recirculation time
breaths
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Figure 7 — (continued)

PB mmHg |Barometric pressure

Hss Total number of source gases blended to create the
| controlled gas mixture

m Index of source gases blended to create the controlled gFas#

mixture

SG,, Source gas m blended to create the controlled gas mixturj

FSG,[i] ml/min |Flow rate of source gas m (SG,, ) during breath i

Jo2, %/100 |Fractional concentration of O2 in source gas m (SG,, )
Jeo2, %/100 | Fractional concentration of CO2 in source gas m (SG,, )

P,,02," mmHg |Baseline/resting measured end-tidal partial pressure of O2
- L B

P.CO2," mmHg  Baseline/resting measured end-tidal partial pressure CO2

VB,,i] ml The volume of O2 transferred between the alveolar space

and the pulmonary circulation during breath i

VB, i] ‘l(ml The volume of CO2 transferred between the alveolar

space and the pulmonary circulation during breath i

a 'mi/mm | Correction factor for tuning the estimate of the functional
Hg residual capacity ( FRC)
B ml/min/ | Correction factor for tuning the overall metabolic

mmHg | production of O2 (F¥0O2)

/4 ml/min/ | Correction factor for tuning the overall metabolic
mmHg |consumption of CO2 (VCO2)

g ]
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Table 2
Starting PCO2 1st Baseline 1st Step 2nd 2nd Step 3rd Delta Delta
(mm Hg) (40mmHg) (50mmHg) baseline (50mmHg) baseline PCO2First PCO2
(40mmHg) {40mmHg) step Second
Step
40 40 50 41 50 40 10 9
39 39 49 40 49 40 10 9
41 41 49 42 50 41 8 8
40 39 48.5 40 49 40 9 9
35 39 48 40 48 40 9 8
40 39 48 39 49 40 9 10

Figure 11
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1
METHOD AND APPARATUS TO ATTAIN
AND MAINTAIN TARGET ARTERIAL
BLOOD GAS CONCENTRATIONS USING
RAMP SEQUENCES

FIELD OF THE INVENTION

The present invention relates to an apparatus and method
for controlling end tidal gas partial pressures in spontane-
ously breathing or ventilated subjects and to the use of such
an apparatus and method for research, diagnostic and thera-
peutic purposes.

BACKGROUND OF THE INVENTION

Techniques for controlling end-tidal partial pressures of
carbon dioxide, oxygen and other gases are gaining increas-
ing importance for a variety of research, diagnostic and
medicinal purposes. Methods for controlling end tidal pres-
sures of gases have gained particular importance as a means
for manipulating arterial levels of carbon dioxide (and also
oxygen), for example to provide a controlled vasoactive
stimulus to enable the measurement of cerebrovascular
reactivity (CVR) e.g. by MRL

Conventional methods of manipulating arterial carbon
dioxide levels such as breath holding, hyperventilation and
inhalation of fixed concentration of carbon dioxide balanced
with medical air or oxygen are deficient in their ability to
rapidly and accurately attain targeted arterial carbon dioxide
partial pressures for the purposes of routinely measuring
vascular reactivity in a rapid and reliable manner.

The end-tidal partial pressures of gases are determined by
the gases inspired into the lungs, the mixed venous partial
pressures of gases in the pulmonary circulation, and the
exchange of gases between the alveolar space and the blood
in transit through the pulmonary capillaries. Changes in the
end-tidal partial pressures of gases are reflected in the
pulmonary end-capillary partial pressures of gases, which in
turn flow into the arterial circulation. The gases in the
mixed-venous blood are determined by the arterial inflow of
gases to the tissues and the exchange of gases between the
tissue stores and the blood, while the blood is in transit
through the tissue capillary beds.

Robust control of the end-tidal partial pressures of gases
therefore requires precise determination of the gas storage,
transport, and exchange dynamics at the lungs and through-
out the body. Previous attempts at controlling the end-tidal
partial pressures of gases have failed to account for these
complex dynamics, and have therefore produced mediocre
results.

In the simplest approaches, manipulation of the end-tidal
partial pressures of gases has been attempted with fixed
changes to the composition of the inspired gas. However,
without any additional intervention, the end-tidal partial
pressures of gases vary slowly and irregularly as exchange
occurs at the lungs and tissues. Furthermore, the ventilatory
response to perturbations in the end-tidal partial pressures of
gases is generally unpredictable and potentially unstable.
Often, the ventilatory response acts to restore the condition
of the blood to homeostatic norms. Therefore, any changes
in the end-tidal partial pressures of gases are immediately
challenged by a disruptive response in the alveolar ventila-
tion. Consequently, fixed changes in the inspired gas com-
position provoke only slow, irregular, and transient changes
in blood gas partial pressures.

In more complex approaches, manipulation of the end-
tidal partial pressures of gases has been attempted with
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2

negative feedback control. These approaches continuously
vary the composition of the inspired gas so as to minimize
error between measured and desired end-tidal partial pres-
sures of gases. Technically, such a system suffers from the
same limitations as all negative feedback control systems—
an inherent trade-off between response time and stability.

Consequently, there is a need to overcome previous
limitations in end-tidal gas control, allowing for more pre-
cise and rapid execution of end tidal gas targeting sequences
in a wide range of subjects and environments.

SUMMARY OF INVENTION

According to one aspect the invention is directed to a
method of controlling an amount of at least one gas X in a
subject’s lung to attain at least one targeted end tidal partial
pressure of the at least one gas X, comprising the steps of:

a. Obtaining input of a logistically attainable end tidal
partial pressure of gas X (PetX[i]¥) for one or more
respective breaths [i];

b. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject
in an inspired gas to target the PetX[i]” for a respective
breath [i] using inputs required to compute a mass
balance equation, wherein one or more values required
to control the amount of gas X in a volume of gas
delivered to the subject is output from the mass balance
equation; and optionally

c. Controlling the amount gas X in a volume of gas
delivered to the subject in a respective breath [i] to
target the respective PetX[i]” based on the prospective
computation.

For present purposes a mass balance equation is under-
stood to be a mathematical relationship that applies the law
of conservation of mass (i.e. the amount of at least one gas
X) to the analysis of movement of at least one gas X, in and
out of the lung, for the purpose of prospectively targeting an
end tidal partial pressure of gas X. Optionally, where an end
tidal partial pressure of gas X is sought to be changed from
a baseline steady state value or controlled for a sequence of
respective breaths [i] the mass balance equation will account
for the transfer of a mass of gas X between a subject’s lung
and pulmonary circulation (i.e. the mixed venous blood
entering the pulmonary capillaries (C,,,X[i])); so that this
key source of flux affecting the end tidal partial pressure of
gas X in the breath(s) of interest, is accounted for.

Preferably the mass balance equation is computed based
on a tidal model of the lung as described hereafter.

In one embodiment of the method, a concentration of gas
X (FX), for example in a first inspired gas (the first inspired
gas also referred to, in one embodiment of the invention, as
a controlled gas mixture) is computed to target or attain
PetX[i]? in a respective breath [i].

Optionally, the mass balance equation is solved for F X.

It will be appreciated that F,X may be output from the
mass balance equation by testing iterations of its value
without directly solving for F;X.

Optionally, the volume of gas delivered to the subject is
a fixed tidal volume controlled by a ventilator.

Optionally, the volume of gas delivered to the subject in
a respective breath [i] comprises a first inspired gas of
known volume and a second inspired neutral gas.

In accordance with a tidal model of the lung, in one
embodiment of the invention, the mass balance equation is
computed in terms of discrete respective breaths [i] includ-
ing one or more discrete volumes corresponding to a sub-
ject’s FRC, anatomic dead space, a volume of gas trans-
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ferred between the subject’s lung and pulmonary circulation
in the respective breath [i] and an individual tidal volume of
the respective breath [i].

According to another aspect, the invention is directed to
a method of controlling an amount of at least one gas X in
a subject’s lung to attain a targeted end tidal partial pressure
of the at least one gas X, comprising the steps of:

a. Obtaining input of a concentration of gas X in the
mixed venous blood entering the subject’s pulmonary
circulation for gas exchange in one or more respective
breaths [i] (C,,X[i]);

b. Obtaining input of a logistically attainable end tidal
partial pressure of gas X (PetX[i]?) for a respective
breath [i];

c. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject
in an inspired gas to target the PetX[i] for a respective
breath [i] using inputs required to compute a mass
balance equation including C,,;X][i], wherein one or
more values required to control the amount of gas X in
a volume of gas delivered to the subject is output from
the mass balance equation; and optionally

d. Controlling the amount gas X in a volume of gas
delivered to the subject in a respective breath [i] to
target the respective PetX[i]” based on the prospective
computation.

In one embodiment of the method, a concentration of gas

X (FX) is computed to target or attain PetX[i]” in a
respective breath [i].

Optionally, the mass balance equation is solved for FX.

According to one embodiment of the method, the mass
balance equation is computed based on a tidal model of the
lung.

In accordance with a tidal model of the lung, in one
embodiment of the invention, the mass balance equation is
computed in terms of discrete respective breaths [i] includ-
ing one or more discrete volumes corresponding to a sub-
ject’s FRC, anatomic dead space, a volume of gas trans-
ferred between the subject’s lung and pulmonary circulation
in the respective breath [i] and an individual tidal volume of
the respective breath [i].

According to another embodiment of the method, the
method comprises the step of tuning one or more inputs
required for computation of F,;X, for example, with respect
to any terms and/or by any methods described in this
application.

According to another embodiment of the method, the
volume of inspired gas entering the subject’s alveoli is
controlled by fixing a tidal volume of an inspired gas
containing gas X using a ventilator and subtracting a volume
of gas corresponding to an estimated or measured value for
the subject’s anatomic dead space volume.

According to another embodiment of the method, the gas
inspired by the subject is inspired via a sequential gas
delivery circuit (as defined below). Optionally, the rate of
flow of gas into the sequential gas delivery circuit is used to
compute the volume of inspired gas entering the subject’s
alveoli in a respective breath [i].

According to one aspect of the method, the gas inspired
by the subject in each respective breath [i] comprises a first
inspired gas and a second inspired optionally neutral gas,
wherein the first inspired gas is delivered in the first part of
a respective breath [i] followed by a second inspired neutral
gas for the remainder of the respective breath [i], the volume
of the first inspired gas selected so that intake of the second
inspired neutral gas at least fills the entirety of the anatomic
dead space. F;X is computed prospectively from a mass
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balance equation expressed in terms which correspond to all
or an application-specific subset of the terms in equation 1
and the first inspired gas has a concentration of gas X which
corresponds to FX for the respective breath [i]

A “tidal model of the lung” means any model of the
movement of gases into and out of the lung that acknowl-
edges that inspiration of gas into, and the expiration of gas
from the lung, occurs in distinct phases, each inspiration-
expiration cycle comprising a discrete breath, and that gases
are inspired in to, and expired from, the lungs via the same
conduit.

In terms of computing a mass balance equation and
capturing relevant aspects of movement of gases into and
out of the lung, a tidal model of lung is preferably under-
stood to yield a value of F,;X on a breath by breath basis from
a mass balance equation. The mass balance equation is
computed in terms of discrete respective breaths [i] includ-
ing one or more discrete volumes corresponding to a sub-
ject’s FRC, anatomic dead space, a volume of gas trans-
ferred between the subject’s lung and pulmonary circulation
in the respective breath [i] and an individual tidal volume of
the respective breath [i]. Optionally, the mass balance equa-
tion is solved for F;X.

Preferably for optimal accuracy in a universal set of
circumstances, all these discrete volumes are accounted for
in the mass balance equation. However, it is possible for the
invention to be exploited sub-optimally or for individual
circumstances in which the relative sizes of certain of these
respective volumes (e.g. anatomic dead space, volume of
gas X transferred between the pulmonary circulation and
lung and even tidal volume (shallow breaths) may be
relatively small (compared to other volumes) depending on
the circumstances and hence failing to account for all of
these volumes may affect achievement of a target end tidal
partial pressure to an acceptable extent particularly where
less accuracy is demanded.

In one embodiment of the invention, the mass balance
equation (optionally written in terms of one or more con-
centration of gas X in one or more discrete volumes of gas):

a. Preferably accounts for the total amount of gas X in the
lung following inhalation of the inspired gas in a
respective breath [i] (M X[i]) including transfer of gas
X between the lung and the pulmonary circulation;

b. Assumes distribution of M;X[i] into compartments
including the subject’s FRC (M X[i]zzc), a fixed or
spontaneously inspired tidal volume (M;X[i],-) and
preferably the subject’s anatomic dead space volume
M X[yp):

c. Assumes uniform distribution of the M; X[i] -z a and
M;X[i];+ in the cumulative volume FRC+V 5

d. Preferably includes a term that accounts for re-inspi-
ration in a respective breath [i] of an amount of gas X
left in the dead space volume after exhalation in a
previous breath [i-1].

As detailed below, according to one embodiment, in
which the invention is implemented via sequential gas
delivery, the individual respective tidal volume for a breath
[1] may consist of a first inspired gas having a concentration
of gas X corresponding to F,X and second inspired neutral
gas. The volume of the first inspired gas may be fixed, for
example by controlling the rate of flow of first inspired gas
into a sequential gas delivery circuit.

In one embodiment of the invention the mass balance
equation comprises terms corresponding to all or an appli-
cation-specific subset of the terms in equations 1 or 2 forth
below as described hereafter. An “application-specific sub-
set” means a subset tailored to either a minimum, interme-
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diate or logistically optimal standard of accuracy having
regard to the medical or diagnostic application of the inven-
tion in question or the sequence of PetX[i]” values targeted.
Optional terms and mandatory inclusions in the subset may
be considered application-specific as a function of the
sequence of PetX[i]” values targeted in terms of the absolute
size of the target value and/or the relative size of the target
value going from one breath to the next as discussed below.
For example, in most cases, the O, or CO, re-inspired from
the anatomical dead space (V) is small compared to the O,
or CO, in the other volumes that contribute to the end-tidal
partial pressures. For example, where the volume of O, or
CO, in the first inspired gas is very large, in trying to induce
a large increase in the target end-tidal partial pressures, the
O, or CO, transferred into the lung from the circulation may
be comparatively small and neglected. Neglecting any terms
of the mass balance equations will decrease computational
complexity at the expense of the accuracy of the induced
end-tidal partial pressures of gases.

The demands of a diagnostic application may be ascer-
tained empirically or from the literature. For example, a
measure of short response times of brain blood vessels to
hypercapnic stimulus can be determined to require a square
wave change in the stimulus such as a change of 10 mmHg
Pz,CO, from one breath to the next. Another example is
when measuring response of BOLD signal with MRI to
changes in partial pressure of CO, in the blood, the changes
needed may be determined to be abrupt as the BOLD signal
has considerable random drift over time.

Optionally, one or more inputs for computation of PetX
[i]” are “tuned” as defined below to adjust, as necessary or
desirable, estimated or measured values for FRC and/or total
metabolic production/consumption of gas X so as to reduce
the discrepancy between targeted and measured end tidal
partial pressures of gas X i.e. an actual value, optionally
measured at the mouth. Tuning can be done when a mea-
sured baseline steady state value of PetX[i] is defined for a
series of test breaths.

According to another aspect, the present invention is
directed to an apparatus for controlling an amount of at least
one gas X in a subject’s lung to attain a targeted end tidal
partial pressure of the at least one gas X, comprising:

(1) a gas delivery device;
(2) a control system for controlling the gas delivery device
including means for:

a. Obtaining input of a concentration of gas X in the
mixed venous blood entering the subject’s pulmonary
circulation for gas exchange in one or more respective
breaths [1] (C,,X[i]);

b. Obtaining input of a logistically attainable end tidal
partial pressure of gas X (PetX[i]?) for a respective
breath [i];

c. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject
in an inspired gas to target the PetX[i] for a respective
breath [i] using inputs required to compute a mass
balance equation including C,,;X][i], wherein one or
more values required to control the amount of gas X in
a volume of gas delivered to the subject is output from
the mass balance equation; and

d. Controlling the amount of gas X in a volume of gas
delivered to the subject in a respective breath [i] to
target the respective PetX[i]” based on the prospective
computation.

In one embodiment of the method, a concentration of gas

X (FX) is computed to target or attain PetX[i]” in a
respective breath [i].
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Optionally, the mass balance equation is solved for F;X.

It will be appreciated the control system may implement
one or more embodiments of the method described herein.

In one embodiment of the apparatus the gas delivery
device is a sequential gas delivery device.

In one embodiment of the apparatus, the control system is
implemented by a computer.

In one embodiment of the apparatus, the computer pro-
vides output signals to one or more rapid flow controllers.

In one embodiment of the apparatus, the apparatus is
connected to a sequential gas delivery circuit.

In one embodiment of the apparatus, the computer
receives input from a gas analyzer and an input device
adapted for providing input of one or more logistically
attainable target end tidal partial pressure of gas X (PetX[i]%)
for a series of respective breaths [i].

In one embodiment of the apparatus, the control system,
in each respective breath [i], controls the delivery of at least
a first inspired gas and wherein delivery of the first inspired
gas is coordinated with delivery a second inspired neutral
gas, wherein a selected volume of the first inspired gas is
delivered in the first part of a respective breath [i] followed
by the second inspired neutral gas for the remainder of the
respective breath [i], wherein volume of the first inspired gas
is fixed or selected for one or more sequential breaths by
way of user input so that intake of the second inspired
neutral gas at least fill the entirety of the anatomic dead
space.

In one embodiment of the apparatus, the apparatus is
connected to a sequential gas delivery circuit.

In one embodiment of the apparatus, the gas delivery
device is a gas blender.

In one embodiment of the apparatus, the control system
implements program code stored in a computer readable
memory or comprises a signal processor embodied in one or
more programmable IC chips.

According to another aspect, the present invention is
directed to a computer program product for use in conjunc-
tion with a gas delivery device to control an amount of at
least one gas X in a subject’s lung to attain a target end tidal
partial pressure of a gas X in the subject’s lung, comprising
program code for:

a. Obtaining input of a concentration of gas X in the
mixed venous blood entering the subject’s pulmonary
circulation for gas exchange in one or more respective
breaths [i] (C,X[i]);

b. Obtaining input of a logistically attainable end tidal
partial pressure of gas X (PetX[i]?) for a respective
breath [i];

c. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject
in an inspired gas to target the PetX[i]” for a respective
breath [i] using inputs required to compute a mass
balance equation including C,,,X[i], wherein one or
more values required to control the amount of gas X in
a volume of gas delivered to the subject is output from
the mass balance equation; and

d. Controlling the amount in a volume of gas delivered to
the subject in a respective breath [i] to target the
respective PetX[i]” based on the prospective computa-
tion.

In one embodiment of the method, a concentration of gas

X (FX) is computed to target or attain PetX[i]” in a
respective breath [i].

Optionally, the mass balance equation is solved for F;X.

It will be appreciated the computer program product may
be used in conjunction with a gas delivery device, to at least
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partially implement a control system for carrying out one or
more embodiments of the method described herein.

The program code may be stored in a computer readable
memory or embodied in one or more programmable IC
chips.

The present invention is also directed to the use of an
aforementioned method, apparatus or computer program
product to:

a) Provide a controlled vasoactive stimulus for measure-

ment of vascular reactivity;

b) Provide a controlled vasoactive stimulus for measure-
ment of cerebrovascular reactivity;

¢) Provide a controlled vasoactive stimulus for measure-
ment of liver, kidney, heart or eye vascular reactivity;
or

d) Simultaneously change the subject’s end tidal partial
pressures of oxygen and carbon dioxide to selected
values, for example to potentiate a diagnosis or treat
cancer.

According to another aspect, the present invention is
directed to a method of controlling an amount of at least one
gas X in a subject’s lung to attain a targeted end tidal partial
pressure of the at least one gas X, comprising the steps of:

a. Obtaining input of a concentration of gas X in the
mixed venous blood entering the subject’s pulmonary
circulation for gas exchange in one or more respective
breaths [i] (C,,X[1]);

b. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject
in an inspired gas to target the PetX[i] for a respective
breath [i] using inputs required to compute a mass
balance equation including C,,;X][i], wherein one or
more values required to control the amount of gas X in
a volume of gas delivered to the subject is output from
the mass balance equation, the mass balance equation
comprising terms corresponding to all or an applica-
tion-specific subset of the terms set forth in:

(Per X[ = PerX[i—117)-(FRC + V) + eq. 1
PerX[i—-1] -(FG,-Tg) - PB-Q-
o (1-9)-Tg-(Cuy X[i] - C, X[iD)
XU = FG, Ty -PB
Per X[ - (FRC+ Vp) — PerX[i - 117 - eq. 2

(FRC+Vp)=PB-Q-(1-5)-Tg-
(Cuv X [i] - Cp X[
(Vr—Vp)-PB

FiX[i] =

c. Controlling the amount of gas X in a volume of gas
delivered to the subject in a respective breath [i] to
target the respective PetX[i]” based on the prospective
computation.
The terms referred to the equations are defined herein.
In one embodiment of the method, a concentration of gas
X (FX) is computed to target or attain PetX[i]” in a
respective breath [i].

Optionally, the mass balance equation is solved for F,X.

According to one embodiment, the gas inspired by the
subject in each respective breath [i] comprises a first
inspired gas and a second inspired neutral gas (as define
hereafter), wherein a selected volume of the first inspired gas
is delivered in the first part of a respective breath [i]
followed by a second inspired neutral gas for the remainder
of the respective breath [i], the volume of the first inspired
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gas selected so that intake of the second inspired neutral gas
at least fills the entirety of the anatomic dead space.

The verb “target” used with reference to achieving a
logistically attainable PetX[i]” value for a respective breath
[1] means “attain” with the relative precision pragmatically
demanded by the particular therapeutic or diagnostic appli-
cation in question or the sequence of targets sought to be
attained in both absolute and relative (between contiguous
breaths) terms. For example, as discussed below, by “tun-
ing” values for certain inputs into equation 1 or 2 (particu-
larly functional residual capacity and total metabolic con-
sumption or production of gas X) a logistically attainable
end tidal partial pressure of gas X could be attained with
relative precision in one breath. The logistically attainable
PetX[i]? value could theoretically be attained with a clini-
cally acceptable reduced precision by not tuning those
values or foregoing other optimizations, as described herein,
for example, by tuning total metabolic production or con-
sumption of gas X without tuning FRC, which would be
expected to delay getting to the target value more precisely
by several breaths.

For purposes herein, it is understood that limitations of a
physiological or other nature may impinge on attaining a
PetX[i]%. Given a logistically attainable target for which
parameters known to impinge on accuracy, that can be
optimized (described herein e.g. tuning FRC and total meta-
bolic consumption/production of gas X) are optimized, we
have found that a PetX[i]” can be considered to be “attained”
as a function of the difference between the targeted value
and a steady state value measured for an individual. For
example, assuming a measurement error of +/-2 mm. of Hg,
in the case of CO,, for a PetX[i]? between 30 and 50 mmHg,
a measured PetCO, value that is within 1 to 3 mm. of Hg of
PetX[i]? can be considered to be “attained”. Tuning to an
extent that achieves a measured value within this range will
serve as an indicator as to whether tuning has been success-
fully completed or should be continued. However in prin-
ciple, tuning may be iterated until the difference between the
measured and targeted PetX is minimized. However, for a
PetCO,[i]” between 51 and 65 mmHg, a measured PetX
value that is within (i.e +/-) 1 to 5 mm. of Hg of PetCO,[i]”
can be considered to be “attained” and the success of a given
tuning sequence can be judged accordingly.

In the case of oxygen, a measured PetO, value that is
within 5-10% of PetO,[i]” can be considered to be one
which has “attained” PetO,[i]”. For example, if the target
PetO, value is between 75 mm of Hg and 150 mm of Hg a
range of measured values that proportionately is within (i.e.
+/-) 4 mm and 8 mm of Hg (5 and 10% of 75 respectively)
to +/-8 mm to 15 mm of Hg (5-10% of 150) can be
considered to be attained (similarly for a target of 100 mm
of Hg, +/-5-10 mm of Hg; and for a PetO2[i]” of 200 mm
Hg, +/-10-20 mm of Hg).

However, as described above, depending on the demands
of the application and the circumstances, a PetX[i]” can be
considered to be “targeted” with a deliberately reduced
precision (as opposed to “attained” as a goal) if parameters
known to impinge on accuracy, that can be optimized
(described herein e.g. tuning FRC and total metabolic con-
sumption/production of gas X) are deliberately not opti-
mized. The invention as defined herein (not to the exclusion
of variations apparent to those skilled in the art) is never-
theless exploited inasmuch as various aspects of the inven-
tion described herein provide for a prospective targeting
system, a system that can be judiciously optimized (or not)
to accommodate a variety of circumstances and sub-optimal
uses thereof. A PetX[i]” can be considered to have been
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“targeted” by exploiting the invention as defined, in one

embodiment, after executing a sequence of tuning breaths,

wherein the tuning sequence optionally establishes that the
optimizations defined herein make the target “attainable”.

According to another aspect, the present invention is also
directed to a preparatory method for using a gas delivery
device to control an amount of at least one gas X in a
subject’s lung to attain a targeted end tidal partial pressure
of the at least one gas X, comprising the step of executing
a sequence of “tuning” breaths as described hereafter.

Optionally, one or more inputs for computation of PetX
[i]” are “tuned” as defined below to adjust, as necessary or
desirable, estimated or measured values for FRC and/or total
metabolic production/consumption of gas X so as to reduce
the discrepancy between targeted and measured end tidal
partial pressure of gas X i.e. an actual value, optionally
measured at the mouth. Tuning is preferably done when a
measured baseline steady state value of PetX[i] is ascer-
tained for a series of ensuing test breaths.

According to one embodiment of the invention, an esti-
mated or measured value for the subject’s functional
residual capacity (FRC) is tuned.

Optionally, FRC is tuned in a series of tuning breaths by:

a. changing the targeted end tidal partial pressure of gas
X between a tuning breath [i+x] and a previous tuning
breath [i+x-1];

b. comparing the magnitude of the difference between the
targeted end tidal partial pressure of gas X for said
tuning breaths [i+x] and [i+x-1] with the magnitude of
the difference between the measured end tidal partial
pressure of gas X for the same tuning breaths to
quantify any discrepancy in relative magnitude; and

c. adjusting the value of FRC in proportion to the dis-
crepancy to reduce the discrepancy in any subsequent
prospective computation of F,X.

Optionally, FRC is tuned in a series of tuning breaths in
which a sequence of end tidal partial pressures of gas X is
targeted at least once by:

(a) obtaining input of a measured baseline steady state value
for PetX[i] for computing F X at start of a sequence;
(b) selecting a target end tidal partial pressure of gas X

(PetX[i]) for at least one tuning breath [i+x] wherein

PetX[i+x]” differs from PetX[i+x-1]7; and
(c) comparing the magnitude of the difference between the

targeted end tidal partial pressure of gas X for said tuning
breaths [i+x] and [i+x-1] with the magnitude of the
difference between the measured end tidal partial pressure
of gas X for the same tuning breaths to quantify any
discrepancy in relative magnitude;

(d) adjusting the value of FRC in proportion to any discrep-
ancy in magnitude to reduce the discrepancy in a subse-
quent prospective computation of FX including in any
subsequent corresponding tuning breaths[i+x-1] and
[i+x] forming part of an iteration of the sequence.
According to one embodiment of the invention, an esti-

mated or measured value of the subject’s total metabolic

production or consumption of gas X is tuned.

Optionally, the total metabolic production or consumption
of gas X is tuned in a series of tuning breaths by comparing
a targeted end tidal partial pressure of gas X (PetX[i+x]%) for
the at least one tuning breath [i+x] with a corresponding
measured end tidal partial pressure of gas X for the corre-
sponding breath [i+x] to quantify any discrepancy and
adjusting the value of the total metabolic production or
consumption of gas X in proportion to any discrepancy to
reduce the discrepancy in any subsequent prospective com-
putation of FX.
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Optionally, the total metabolic consumption or production
of gas X is tuned in a series of tuning breaths in which a
sequence of end tidal partial pressures of gas X is targeted
at least once by:

(a) obtaining input of a measured baseline steady state value
for PetX[i] for computing F,X at start of a sequence;
(b) targeting a selected target end tidal partial pressure of gas

X (PetX[i]?) for each of a series of tuning breaths

[i+1 . .. i+n], wherein PetX[i]” differs from the baseline

steady state value for PetX[i];

(c) comparing the targeted end tidal partial pressure of gas
X (PetX[i+x]?) for at least one tuning breath [i+x] in
which the targeted end tidal gas concentration of gas X
has been achieved without drift in a plurality of prior
breaths [14x-1, 1+x-2 . . . ]| with a corresponding
measured end tidal partial pressure of gas X for a corre-
sponding breath [i+x] to quantify any discrepancy and
adjusting the value of the total metabolic consumption or
production of gas X in proportion to the discrepancy to
reduce the discrepancy in a subsequent prospective com-
putation of F X including in any subsequent correspond-
ing tuning breath [i+x] forming part of an iteration of the
sequence.

All key inputs for computing F,X are itemized below.

We have found that a prospective model which predicts an
F;X that is required to target a logistically attainable end
tidal partial pressure of a gas X is simplified and enhanced
by using a sequential gas delivery system (alternatively
called a sequential gas delivery device, or sequential
rebreathing).

According to another embodiment, the apparatus accord-
ing to the invention is a “sequential gas delivery device” as
defined hereafter. The sequential gas delivery device option-
ally comprises a partial rebreathing circuit or a sequential
gas delivery circuit as defined hereafter.

The rate of gas exchange between the subject’s mixed
venous blood and alveoli for a respective breath [i] may be
controlled by providing a partial re-breathing circuit through
which the subject inspires a first gas in which the concen-
tration of gas X is F,X and a second gas having a partial
pressure of gas X which is substantially equivalent to the
partial pressure of gas X in the subject’s end tidal expired
gas prior to gas exchange in the current respective breath [i]
(the subject’s last expired gas which is made available for
re-breathing) or a gas formulated in situ to match a concen-
tration of gas X which would have been exhaled in a prior
breath. Practically, this may be accomplished by setting the
rate of gas flow into the partial rebreathing circuit for a
respective breath [i] to be less than the patient’s minute
ventilation or minute ventilation minus anatomic dead space
ventilation (i.e. such that the last inspired second gas at least
fills the anatomical dead space if not also part of the alveolar
space) and using this rate or the volume of inspired gas it
represents in a current breath to compute F,X for a respec-
tive breath [i].

With reference to parameters used to compute terms in
equation 1 or 2, it is understood that phrases like “obtaining
input” and similar expressions are intended to be understood
broadly to encompass, without limitation, input obtained by
or provided by an operator of a gas delivery device through
any form of suitable hardware input device or via program-
ming or any form of communication or recordation that is
translatable into an electronic signal capable of controlling
the gas delivery device.

According to another aspect, the invention is also directed
to a method of controlling an amount of at least one gas X
in a subject’s lung to attain, preliminary to or during the
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course of a diagnostic or therapeutic procedure, at least one

target end tidal partial pressure of a gas X.

A PetX[i] attained for any immediately previous breath
[i-1] is:

a. alterable, prospectively, to any other logistically attain-
able value, in one breath, using a method or apparatus
according to the invention;

b. maintainable, prospectively, without drift, in a respec-
tive breath [i] or in breath [i] and in one or more
subsequent breaths [i+1] . . . [i+n] using a method or
apparatus according to the invention.

According to one embodiment of the invention, a input of

a concentration of gas X in the mixed venous blood entering

the subject’s lung for gas exchange in the respective breath

[1](C,X][i]) can be obtained (e.g. predicted) by a compart-

mental modelling of gas dynamics. “Compartmental mod-

eling of gas dynamics” means a method in which body
tissues are modeled as system of one or more compartments
characterized in terms of parameters from which the mixed-
venous return of gas X can be predicted. These parameters
include the total number of compartments, the fraction of the
total cardiac output received by the respective compartment,
the respective compartment’s storage capacity for gas X and

the fraction of the overall production/consumption of gas X

that can be assigned to the compartment.

The total number of compartments (ncomp) in the model
must be known or selected, and then each compartment (k)
is assigned a fraction of the total cardiac output (qk), a
storage capacity for gas X (dXk), and a fraction of the
overall production/consumption rate of gas X (vXk). In
general, the storage capacity for any gas X in a compartment
is known for an average subject of a particular weight, and
then scaled proportional to the actual weight of the subject
under test.

Modeling/predicting the mixed-venous return can be done
for any gas X using the following information:

1. A formula for conversion of end-tidal partial pressures to
blood content of gas X (i.e. determining the content of the
gas X in the pulmonary end-capillary blood based on data
with respect to partial pressures).

2. the fraction of the overall production/consumption of the
gas X which occurs in the compartment;

3. the storage capacity of the compartment for gas X;

4. blood flow to/from the compartment.

Some examples of gas X include isoflorane, carbon diox-
ide and oxygen.

Compartmental modeling of gas dynamics may be sim-
plified using a single compartment model.

Means for controlling gas delivery typically include suit-
able gas flow controllers for controlling the rate of flow of
one or more component gases. The gas delivery may be
controlled by a computer for example an integrated com-
puter chip or an external computer running specialized
computer readable instructions via which inputs, computa-
tions and other determinations of parameter and controls are
made/handled. The computer readable instructions may be
embodied in non-transitory computer readable medium
which be distributed as a computer program product.

It will be appreciated that logistically attainable target
values for end tidal partial pressures of gas X may be set for
respective breaths within a series breaths which are taken
preliminary to or as part of a diagnostic or therapeutic
procedure. Typically these values are defined in advance for
the series or for at least part of the series of breaths. As
described below, these individually logistically attainable
values may be used to attain values in multiple breaths that
are not logistically attainable in one breath.
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The term “tuning” and related terms (e.g. tune, tuned etc.)
means that a value for an estimated or measured parameter
that is required to compute F;X is adjusted, as necessary or
desirable, to enable more precise computation of the F,X
required to achieve a PetX[i]”, preferably based on observed
differences between the target PetX[i]” set for one or more
respective breaths and actual PetX[i] value(s) obtained for
the respective breath(s), if any, such that post-adjustment
observed value(s) more closely match the respective target
value(s). The tuned parameter(s) can be understood to fall
into two categories: lung and non-lung related parameters.
Preferably, the lung related parameter is FRC. A step change
in the end tidal partial pressure of gas X is required to tune
this parameter. Non-lung related parameters are preferably
tissue related parameters, preferably those required for com-
puting a compartmental model of gas dynamics, preferably
parameters governing total metabolic production or con-
sumption of gas X in the body or the overall cardiac output,
optionally parameters affecting assessment of the contribu-
tion of a respective compartment to the mixed venous
content of gas X, preferably as a function of the production
or consumption of gas X in the respective compartment, the
assigned storage capacity for gas X in the respective com-
partment and the contribution of blood flow from the respec-
tive compartment to the total cardiac output, for example, by
observing that a repeatedly targeted value does not drift
when attained. Drift can be defined in the negative or
considered to have been corrected for, for example, if an
adjusted value for a tissue related parameter results in a
variation of no greater than 1 to 2 mm of Hg (ideally
approximately 1 mm of Hg or less) between observed and
targeted end tidal values of gas X for a series of 5 consecu-
tive breaths (i.e. where the end tidal partial pressure of gas
X is sought to be maintained for a series of breaths e.g. 30
breaths and observed drift is corrected).

Tuning FRC is important for transitioning accurately
between end-tidal values. Tuning non-lung related param-
eters e.g. VCO2 is important so that the steady state error
between end-tidal values is small. The tuning requirements
depend on the goals of the targeting sequence. For example,
in the case of inducing a step increase in the end-tidal partial
pressure of CO2 from 40 mmHg to 50 mmHg, if attaining
50 mmHg in the first breath is important, FRC is preferably
tuned. If achieving 50 mmHg in the first breath is not vital,
but achieving this target in 20 breaths is all that may matter,
anon-lung related parameter such as VCO2 should be tuned.
If the goal of the end tidal targeting sequence is to achieve
50 mmHg in one breath, and then maintain 50 mmHg for the
ensuing 20 breaths, both FRC and a non-lung related param-
eter should be tuned. If you don’t care if you get to 50
mmHg in the first breath, and then drift to 55 after 20
breaths, don’t tune either.

The following are examples of end tidal values that would
be achieved for each combination. Assume transition is
made on the second breath (bold):

Tuned FRC (good transition), untuned VCO?2 (bad steady
state error)—40, 50, 51, 52, 53, 54, 55, 55, 55, 55, 55, 55

Untuned FRC (bad transition), tuned VCO2 (no steady
state error)—40, 59, 56, 53, 52, 51, 50, 50, 50, 50, 50

Tuned FRC (good transition), tuned VCO2 (no steady
state error)—40, 50, 50, 50, 50, 50, 50, 50, 50

Untuned FRC (bad transition), untuned VCO2 (bad
steady state error)—40, 62, 60, 58, 57, 56, 55, 55, 55, 55.

For example, to achieve a progressively increasing end
tidal partial pressure of gas X where the actual or absolute
values are not of concern, only that the values keep increas-
ing in each breath, it would not be necessary to tune FRC or
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VCO2. However, to transition from 40 to 50 mmHg (for
example, where gas X is CO2), though not necessarily in one
breath, it would be preferable to tune a non-lung related
parameter e.g. VCO2 but not FRC. If it were important to
transition from 40 mmHg to 50 mmHg in one breath, but not
so important if the end tidal values drifted away from 50
mmHg after the first breath, it would be important to tune
FRC but not VCO2 etc. Nevertheless, a target would be set
for each respective breath [i] and that target would be
effectively attained with a degree of accuracy and imme-
diacy necessary for the application in question. Accordingly,
a tidal based model for targeting end tidal partial pressure of
a gas X provides a tunable flexible system for attaining those
targets in line with a wide variety of objectives of the user.

It is to be understood that this tuning can be applied
independently to each of the gases that are being targeted, as
each gas can be targeted independently of the other gases.

An attainable target may be maintained in one or more
subsequent breaths by setting the target end tidal value for
the respective breath to be the same as PetX[i-1]. A target
that is not attainable in one breath may be obtained in a
series of breaths [i] . . . [i+n].

As suggested above and discussed below, it is possible
that a particular end tidal partial pressure is not logistically
attainable in one breath. If logistically attainable at all, such
a target may be logistically attained only after multiple
breaths. In contrast to methods requiring negative feedback,
such as dynamic end tidal forcing, in one aspect of the
method of the present invention this number of breaths may
be pre-defined prospectively. This number of breaths may
also be minimized so that the ultimate end tidal target is
attained as rapidly as logistically feasible, for example by
simple computational trial and error with respect to an
incremented series of target. As described below, logistic
constraints could be seen as limitations to inhaling the
amount of the gas X that needs to be inhaled to reach a target
concentration on the next breath; this could be because of
limitations of available concentration X, or volume of
inspired gas or both. Mandatory constraints are at least those
inherent in any method of controlling the end tidal partial
pressure of a gas X by way of inhalation of concentrations
of gas X in that F X cannot be less 0% and greater than
100% for any given breath. Constraints may also be selected
as a matter of operational necessity or efficiency—so called
“operational constraints” which may be self-imposed but not
mandatory in all cases. For example, practically speaking, it
may be inadvisable for safety reasons to administer a gas X
(especially where gas X is not oxygen) in the highest
feasible concentrations due to patient safety risks accompa-
nying failure of the system. Accordingly, for safety reasons
it may be advisable for a component gas comprising gas X
to have at least 10% oxygen thereby defining an optional
logistical limit of the method. Therefore what is logistically
achievable is understood to be operationally limited by the
composition of all the gas sources to which the apparatus is
connected at any point in time. Furthermore, as described
below, sequential gas delivery is typically effected by deliv-
ering a gas of a first composition followed by a neutral gas.
The rate of flow and hence volume of the first gas generally
controlled to within certain parameters so that the second
gas at least fills the anatomic dead space. This is operation-
ally mandatory in the sense that not all values for this
parameter are workable, especially if a medically relevant
target end tidal partial pressure of gas X is sought to be
achieved in one breath as opposed to incrementally over
several breaths. What is logistically attainable will be dic-
tated by the extant rate of flow, if unvaried, or if varied, by
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the range of logistically practicable rates of flow. Hence,
what is logistically attainable may be tied to independently
controlled parameters which may or may not be varied.
Hence, some of these operational parameters may be man-
datory in a particular context or in a universal sense (running
the system so that it always works without reset e.g. recal-
culation of prospectively calculated FX values for a
dynamic set of breaths of interest if the tidal volume falls
outside established controls.

According to one embodiment of the method, the model
of gas dynamics that is used to predict C,,,X[i] in the mixed
venous blood entering the subject’s lung for gas exchange in
the respective breath [i] estimates a value of C,,,X[i]) by:
(a) dividing tissues to which the subject’s arterial blood
circulates into one or more compartments (k); and (b)
determining the contribution of a respective compartment to
the mixed venous content of gas X as a function of the
production or consumption of gas X in the respective
compartment, the assigned storage capacity for gas X in the
respective compartment and the contribution of blood flow
from the respective compartment to the total cardiac output
or pulmonary blood flow. For example, where gas X is
carbon dioxide the content of carbon dioxide in the mixed
venous blood leaving a compartment C,CO2,[i] is deter-
mined by assigning to a compartment a fraction of the
overall metabolic carbon dioxide production (vco2,), a
fraction of the total cardiac output (q,) and a storage capacity
for carbon dioxide (dCO2),).

In contrast to a negative feedback system, the afore-
described system is a prospective end-tidal targeting system.
Prior to execution of an end-tidal targeting sequence, the
tissue model is used to predict the time course of the
mixed-venous blood gases that will result from ideal execu-
tion of the sequence.

The time course of predicted mixed-venous gases is used
to compute the series of inspired gas mixtures required to
realize the target end-tidal partial pressures of gases. In this
way, assuming that the end-tidal partial pressures of gases
adhere to the targets allows prediction of the mixed-venous
gases, and prediction of the mixed-venous gases allows a
priori calculation of the inspired gas mixtures required to
accurately implement the end-tidal targets. There is no
requirement to modify the series of the inspired gas mixtures
calculated before execution of the sequence based on devia-
tions of the measured end-tidal partial pressures of gases
from the targets during execution of the sequence.

Instead, the system is tuned to obtain tuned values for
certain parameters before execution of the sequence so that
the end-tidal partial pressures of gases induced during
sequence execution closely adhere to the target functions
without the need for any feedback control. Optionally, the
program code includes code for directing a suitable gas
delivery device such as a rapid flow controller to deliver a
gas X containing gas having an F,X output from a mass
balance equation. The term “gas delivery means” by contrast
to gas delivery device refers to a discrete component of a gas
delivery device that is used to control the volume of gas
delivered at a particular increment in time such as a rapid
flow controller.

It will be appreciated that each of the key method steps for
carrying out the invention can be functionally apportioned to
different physical components or different computer pro-
grams and combinations of both. Furthermore a device
according to the invention will optionally comprise one or
more physical components in the form of a gas analyzer, a
pressure transducer, a display, a computer, a gas delivery
device such as a rapid flow controller, a gas channeling
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means (gas conduits/tubes), standard electronic components
making up a PCB, input devices for setting parameters etc.
The various means for carrying out these steps include
without limitation one in the same physical means, or
different physical means on different devices, the same
device or the same device component. Depending on the
number of added gases these components may multiplied or
where possible shared.

In another aspect, the present invention is also directed to
a device comprising an integrated circuit chip configured for
carrying out the method, or a printed circuit board (com-
prising discrete or integrated electronic components). The
device optionally includes at least one gas delivery means
such as a rapid flow controller. The device optionally
includes an input device for inputting various parameters
described herein. The parameters can be input via a variety
of means including, but not limited to, a keyboard, mouse,
dial, knob, touch screen, button, or set of buttons.

It is understood that any input, computation, output, etc.
described herein can be accomplished by a variety of signal
processing means including, but not limited to, a program-
mable processor, a programmable microcontroller, a dedi-
cated integrated circuit, a programmable integrated circuit,
discrete analog or digital circuitry, mechanical components,
optical components, or electrical components. For example,
the signal processing steps needed for executing the inputs,
computations and outputs can physically embodied in a field
programmable gate array or an application specific inte-
grated circuit.

The term “blending” may be used to describe the act of
organizing delivery of one gas in conjunction with at least
one other and hence the term blending optionally encom-
passes physical blending and coordinated release of indi-
vidual gas components.

The term “computer” is used broadly to refer to any
device (constituted by one or any suitable combination of
components) which may be employed in conjunction with
discrete electronic components to perform the functions
contemplated herein, including computing and obtaining
input signals and providing output signals, and optionally
storing data for computation, for example inputs/outputs to
and from electronic components and application specific
device components as contemplated herein. As contem-
plated herein a signal processor or processing device in the
form of a computer may use machine readable instructions
or dedicated circuits to perform the functions contemplated
herein including without limitation by way of digital and/or
analog signal processing capabilities, for example a CPU,
for example a dedicated microprocessor embodied in an IC
chip which may be integrated with other components, for
example in the form of a microcontroller. Key inputs may
include input signals from—a pressure transducer, a gas
analyzer, any type of input device for inputting a target end
tidal partial pressure of gas X (for example, a knob, dial,
keyboard, keypad, mouse, touch screen etc.), input from a
computer readable memory etc. Key outputs include output
of the flow and/or composition of gas required to a flow
controller.

For example of a compartmental model for mixed venous
blood carbon dioxide dynamics may assign body tissues to
k compartments e.g. 5 compartments and assign the contri-
bution of a respective compartment to the mixed venous
content of carbon dioxide as a function of the production of
carbon dioxide in the respective compartment, the assigned
storage capacity for carbon dioxide in the respective com-
partment and the contribution of blood flow from the respec-
tive compartment to the total cardiac output.
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In one aspect, the present invention is directed to a
non-transitory computer readable memory device having
recorded thereon computer executable instructions for car-
rying out one or more embodiments of the above-identified
method. The invention is not limited by a particular physical
memory format on which such instructions are recorded for
access by a computer. Non-volatile memory exists in a
number of physical forms including non-erasable and eras-
able types. Hard drives, DVDs/CDs and various types of
flash memory may be mentioned. The invention, in one
broad aspect, is directed to a non-transitory computer read-
able medium comprising computer executable instructions
for carrying out one or more embodiments of the above-
identified method. The instructions may take the form of
program code for controlling operation of an electronic
device, the program code including code for carrying out the
various steps of a method or control of an apparatus as
defined above.

A “gas delivery device” means any device that can make
a gas of variable/selectable composition available for inspi-
ration. The gas delivery apparatus may be used in conjunc-
tion with a ventilator or any other device associated with a
breathing circuit from which the subject is able to inspire a
gas of variable/controllable composition without substantial
resistance. Preferably, the composition of the gas and/or
flow rate is under computer control. For example, such a
device may be adapted to deliver at least one gas (pure or
pre-blended) at a suitable pre-defined rate of flow. The rate
of flow may be selectable using a form of input device such
a dial, lever, mouse, key board, touch pad or touch screen.
Preferably the device provides for one or more pure or
blended gases to be combined i.e. “a gas blender”.

A “gas blender” means a device that combines one or
more stored (optionally stored under pressure or delivered
by a pump) gases in a pre-defined or selectable proportion
for delivery a selectable rate of flow, preferably under
computer control. For example or more stored gases may be
combined with pumped room air or a combination of pure or
blended (each blended gas may have at least 10% oxygen for
safety) gases respectively contain one of carbon dioxide,
oxygen and nitrogen as the sole or predominant component.
Optionally, the selectable proportion is controlled automati-
cally using an input device, optionally by variably control-
ling the flow of each stored gas (pure or pre-blended)
separately, preferably using rapid flow controllers, to enable
various concentrations or partial pressures of a gas X to be
selected at will within a pre-defined narrow or broad range.
For example, a suitable blender may employ one or more gas
reservoirs, or may be a high flow blender which blows gas
past the mouth i.e. in which gas that is not inspired is vented
to the room.

A “partial rebreathing circuit” is any breathing circuit in
which a subject’s gas requirements for a breath are made up
in part by a first gas of a selectable composition, and a
rebreathed gas to the extent that the first gas does not fully
satisfy the subject’s volume gas requirements for the breath.
The first gas must be selectable in at least one of composi-
tion or amount. Preferably the amount and composition of
the first gas is selectable. The rebreathed gas composition
optionally consists of previously exhaled gas that has been
stored or a gas formulated to have the same concentration of
gas X as previously exhaled gas or a second gas has a gas
X concentration that is selected to correspond (i.e. has the
same concentration) as that of the targeted end tidal gas
composition for a respective breath [i].

Preferably the circuit is designed or employable so that
the subject receives the entirety of or a known amount of the
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first gas in every breath or in a consecutive series of breaths
forming part of gas delivery regimen. In a general sense a
re-breathed gas serves a key role in that it does not contrib-
ute significantly to the partial pressure gradient for gas flow
between the lung and the pulmonary circulation when intake
of the gas at least fills the entirety of the anatomic dead
space. Therefore, in the case of a spontaneously breathing
subject (whose tidal volume is not controlled e.g. via a
ventilator) the subject’s unpredictable tidal volume does not
defeat prospective computation of the controlled gas com-
position required to attain or target PetX[i]| for a respective
breath [i].

Optionally, the “rebreathed gas™ may be constituted by or
substituted by a prepared gas (in terms of its gas X content).
Thus, according to one embodiment of the invention, the
second gas has a gas X concentration that is selected to
correspond to that of the targeted end tidal gas composition
for a respective breath [i]. The volume of the first inspired
gas may also be adjusted (e.g. reduced) to target PetX[i]” for
a respective breath [i] such that the subject receives an
optimal amount of a gas having a gas X concentration that
corresponds to PetX[i]”.

As alluded to above, it will be appreciated that the gas X
content of a prepared gas can be formulated to represent a
gas of a “neutral” composition. Thus the total inspired gas
for a respective breath [i] will comprise a first inspired gas
having a controlled volume and gas X concentration (F,;X)
and a second gas which has a gas X content whose contri-
bution to establishing a partial pressure gradient between the
lung and pulmonary circulation is optionally minimized. In
a broader sense, the second inspired gas content of gas X can
be optimized to attain a targeted end tidal concentration (for
a universal set of circumstances) and in a sub-optimal sense
this concentration at least does not defeat the ability to
prospectively compute an F,X for the purposes of attaining
or targeting a PetX[i] for a respective breath [i] (i.e. not
knowing the subject’s tidal volume for a respective breath [i]
will not preclude such computation).

“Prospectively” or a “prospective computation” means,
with reference to a determination of an amount of gas X
required to be inspired by the subject in an inspired gas to
attain or target a PetX[i]” for a respective breath [i] (option-
ally computed in terms of FX), using inputs required to
compute a mass balance equation (preferably including
C, i X[1]), without necessary recourse to feedback to attain
rapidly and repeatably. In contrast, to a negative feedback
system, which relies on ongoing measurements of PetX[i] to
provide feedback for continually adjusting computed FX
values to minimize the discrepancy between target and
measured PetX[i] values, the system of the present invention
is adapted to attain logistically achievable end tidal values
rapidly and accurately (as defined herein) without recourse
to feedback. As discussed herein, a negative feedback sys-
tem suffers from an inherent trade-off between response time
and stability. According to the present invention, recourse to
feedback is designed to be unnecessary for the purpose of
attaining logistically achievable PetX targets rapidly and
predictably.

Of further consideration are the delays associated with
measurement of the end-tidal partial pressures of gases
which are required for feedback into the system. Gas com-
position analysis is performed by continuously drawing gas
from proximal to the subject’s airway into a gas analyzer
through a sampling catheter. The gas analyzer returns a time
varying signal of gas composition which is, however,
delayed from the actual ventilatory phase of the subject by
the travel time through the sampling catheter and the
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response time of the gas analyzer. Therefore, at the start of
any inspiration, the end-tidal partial pressures of gases from
the immediately previous breath are not yet known. Where
the sampling catheters are long, such as in an MRI envi-
ronment where the patient is in the MRI scanner and the gas
analyzers must be placed in the control room, this delay can
reach three or more breaths. As in any negative feedback
system, this delay in measuring the controlled parameter
will further destabilize and limit the response time of the
system.

A “sequential gas delivery device” means, with respect to
delivering a gas in successive respective breaths [i], a device
for delivery of a controlled gas mixture in the first part of a
respective breath [i] followed by a “neutral” gas in the
second part of the respective breath [i]. A controlled gas
mixture is any gas that has a controllable composition with
respect to one or more gases of interest used to compose it.
Accordingly, where the gas of interest is a gas X, the
controlled gas mixture has an amount of gas X, optionally
defined in terms of a concentration of gas X denoted as F,X.
The controlled gas mixture may be referred to, for conve-
nience, as a first inspired gas. Gas inspired in any breath is
“neutral”, inter alia, if it has the same composition as gas
expired by the subject in a previous breath. The term
“neutral” gas is used because the gas in question is one
which has the same partial pressure of one or more gases of
interest as the blood, in the alveoli, or in the pulmonary
capillaries, and hence, upon inspiration into the alveolar
space, in the second part of a respective breath, this gas does
not exchange any gas with the pulmonary circulation.
Unless otherwise defined explicitly or implicitly a gas of
interest is generally one for which the end tidal partial
pressure is sought to be controlled according to the inven-
tion.

A volume of gas that enters the alveolar space and
exchanges gas with the pulmonary circulation for a breath [i]
may be defined independently of a fixed tidal volume, for
example by:

a. setting the rate of flow of a controlled gas mixture (also
termed fresh gas flow rate) in a rebreathing circuit to be
less than the patient’s minute ventilation or minute
ventilation minus anatomic dead space ventilation (i.e.
such that the last inspired second gas at least fills the
anatomical dead space if not also part of the alveolar
space);

b. obtaining input of the rate of flow or volume of the
controlled gas mixture into the circuit for the respective
breath (this rate can be maintained from breath to
breath or varied) and computing the effective volume of
alveolar gas exchange for the respective breath based
on the rate of fresh gas flow for the respective breath.

According to one embodiment, the rebreathing circuit is
a sequential gas delivery circuit.

According to another embodiment, volume of gas that
enters the alveolar space and exchanges gas with the pul-
monary circulation is determined by utilizing a fixed tidal
volume set for the respective breath (e.g. using a ventilator)
and subtracting a volume corresponding to the subject’s
anatomic dead space volume.

The F,X may be set independently of the concentration of
any other component of the inspiratory gas.

Optionally, a gas X and a gas Y are components of the
inspired gas and a target arterial concentration of gas X and
a target arterial concentration of a gas Y are selected for a
respective breath, independently of each other, and, if pres-
ent, independently of the concentration of any other com-
ponent Z of the inspiratory gas.
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A mass balance equation that comprises terms “corre-
sponding to” all or an application-specific subset of the
terms in equations 1 or 2 above means that the same
underlying parameters are accounted for.

According to one aspect of the invention (which may be
implemented in connection with any one or more of com-
patible embodiments of the invention defined hereinabove),
the invention is directed to an apparatus for controlling an
amount of at least one gas X in a subject’s lung to attain a
series of targeted end tidal partial pressures of at least one
gas X (PetX?), the series of targeted end tidal partial
pressures of at least one gas X (PetX”) adapted to stimulate
a physiological response, the apparatus comprising:

(1) a gas delivery device;

(2) a control system for controlling the gas delivery device,
wherein the control system is adapted to target a series of
PetX” values for a respective series of intervals, the
control system including means for:

a. Obtaining input of a series of logistically attainable

PetX” values for the series of respective intervals; and

b. Determining an amount of gas X required to be inspired
by the subject in an inspired gas to target the PetX” for
a respective interval;

c. Controlling the amount of gas X in a volume of gas
delivered to the subject in a respective interval to target
the respective PetX” for the interval.

The series of PetX” values preferably comprise at least
one of a set of PetX” increments and a set of PetX”
decrements.

The term “interval” is used broadly to mean a time
interval of selected length, an interval defined by the dura-
tion of a respective inspiratory cycle and a previous or
ensuing expiratory cycle, for example, a respective breath [i]
defined by an inspiratory cycle and the expiratory cycle
which follows it, and/or an interval defined by a pattern of
a physiological response. The term ‘pattern of a physiologi-
cal response’ means a pattern sufficient to define a dose-
response (stimulus-response) relationship for a full range of
the physiologic response or for at least a part thereof that
reveals a pattern of interest, wherein the increments in dose
or stimulus are selected to disclose the true shape of the dose
response curve. A portion of interest may of diagnostic or
medical interest to define a normal pattern of the response
for example to differentiate between variations in a normal
response for different groups e.g. ages, and optionally a
differential response e.g. particular range or prevalence of a
response or a different or pathologic response, associated
with a condition or disease. For example, a pattern may
disclose a linear, exponential or sigmoidal dose response
curve for an individual or group of common individuals
selected from at least one of persons having a ‘normal’
physiological response and persons disclosing a different or
pathological physiological response. For example, a pattern
may disclose that a response is sigmoidal and not linear (e.g.
it is only linear over a certain range of the stimulus) when
a fuller range of the response is probed using a suitable range
and series of smaller changes in stimulus. For example, an
interval of diagnostic interest may be a fraction of the
amount of time required to observe the time course of the
response wherein the fraction is sufficiently small to obtain
a set of values defining the pattern of response. The ramp
sequence may also be selected to determine a time course of
a full or partial range of a physiological response by tracking
signals signifying that a particular condition, associated with
a direct or indirect measure of the response, has been met,
the condition preferably of the type satisfied by attainment
or projected attainment of a threshold amount change in a
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measurable parameter correlated with a physiologic
response to a stimulus comprising or consisting of an
increment or decrement in a subject’s end tidal partial
pressure of gas X. A fraction or proportionate amount of a
time period required to observe a continuous time course of
a physiological response or satisfy a set threshold amount of
change in the response (attained or predicted to be attained
based on a known or predictable mathematical relationship
between the stimulus—an increment or decrement in
PetX—and a measurable parameter that defines the time
course of the response), is then defined to be sufficient to
demarcate the end of a previous interval and the beginning
of a next ensuing interval. The time course may be selected
to grade individuals in terms of the overall appearance of the
pattern (measurement of a continuous variable) or differen-
tiate between populations with respect satisfying one or
more individual criteria (e.g. a discontinuous variable elic-
iting a yes/no answer).

A gas delivery device can be controlled to attain a series
of targeted end tidal partial pressures of at least one gas X
(PetXT) by the prospective model described herein; or by a
combination of a prospective model and feedback control
(known as dynamic end tidal forcing), for example, wherein
the feedback loop (e.g. using a PID controller) adds a control
signal to adjust a prospective determination of FX; the
control signal generated based on the difference between the
target and measured end tidal values. Computation of FIX
can be accomplished using the tidal model equations herein
by adapting the continuous flow equations published by
Robbins and Swanson.

According to one aspect of the invention (which may be
implemented in connection with any one or more of com-
patible embodiments of the invention defined hereinabove),
the invention is directed to a method of controlling an
amount of at least one gas X in a subject’s lung to attain at
least one targeted end tidal partial pressure of the at least one
gas X, comprising the steps of:

a. Obtaining input of a logistically attainable end tidal partial
pressure of gas X (PetX[i]?) for a series of respective
breaths [i];

b. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject in
an inspired gas to target the PetX[i]” for a respective
breath [1i] using inputs required to compute a mass balance
equation, wherein one or more values required to control
the amount of gas X in a volume of gas delivered to the
subject is output from the mass balance equation; and
optionally

c. Controlling the amount gas X in a volume of gas delivered
to the subject in a respective breath [i] to target the
respective PetX[i]? based on the prospective computation;

and wherein the respective PetX[i]” for the series of breaths

[i] increases or decreases from the start of the series to the

end of the series (from PetX[i']” to PetX[i"]%) in accor-

dance with a ramp sequence (as defined below).

Optionally, the respective PetX[i]Z for the series of
breaths [i] increases every Nth breath in respective selected
increments (“Z”") from the start of the series to the end of the
series (from PetX[i']” to PetX[i"]%), wherein either N equals
1 and Z is greater than O in each breath in the series, or N
is greater than 1 and Z may be zero in breaths which are not
the Nth breath and Z is greater than O in every Nth breath.

Optionally, the respective PetX[i]Z for the series of
breaths [i] decreases every Nth breath in respective selected
decrements (“Z”) from the start of the series to the end of the
series (from PetX[i']” to PetX[i"]%), wherein either N equals
1 and Z is greater than 0, or N is greater than 1 and Z may
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be zero in breaths which are not the Nth breath and Z is
greater than 0 in every Nth breath

Accordingly, PetX[i]” may change every Nth breath in
respective selected increments or decrements (“Z”) from the
start of the series to the end of the series (from PetX[i']% to
PetX[i"]%), wherein N equals 1 and Z is greater than 0. In
another embodiment, N is greater than 1 and Z may be zero
in breaths which are not the Nth breath.

Embodiments in which PetX[i']” increases include the
following. In one embodiment, “Z” is greater O and is the
same in each breath in the series (N=1). For example, N may
equal 1 and “Z” may equal 8. Therefore, for example, a
target end tidal oxygen concentration may increase every
breath (N=1) from [i]" to [i]” from PetX[i']*=100 mm Hg to
PetX[i”]”=180 mm Hg over the course of the next 10
contiguous breaths (respective targets in mm of Hg=108,
116, 124, 132, 140, 148, 156, 164, 172, 180). As another
example, N may equal 5 and same end tidal target value may
be maintained at the same target for the 4 breaths in between
each 5 breath such that it would take approximately 50
breath to span the same range of end tidal targets from
[i]'=PetX[i']"=100 mm Hg to [i]>°=PetX[i’°]’=180 mm
Hg. This same sequence may be expressed another way i.e.
Z is changing and for the series of fifty breaths as follows:
Z equals, respectively 0, 0, 0, 0, 8,0, 0, 0,0, 8, 0,0, 0, 0,
8,0000,8000038,00008,00,0,0,8,0,0,
0,0,800,00,80,0,0,0, 8.

In one embodiment, Z is selected to correspond to a
selected rate of change in a physiological response to a
stimulus (the stimulus being a correlate of PetX[i]” such as
the arterial partial pressure of gas X (PaX)). The selected
rate of change corresponds to a rate wherein a targeted
physiologic response is substantially realized for each incre-
ment/decrement before the next increment/decrement, such
that successive measurements of the response are substan-
tially matched to an increment/decrement in a change in
stimulus. Accordingly, it is possible to plot the change in
response with respect to the change in PetX[i]” with sub-
stantial accuracy. For example, where the time course of the
response of a physiologic parameter is exponential, the rate
of change in PetX[i]” may be selected such that three time
constants in the progress of the response (approximately
95% response) are achieved before the next increment/
decrement in PetX[i]” stimulus is given. A time interval for
executing the range in stimulus “R” or the range (extent) of
the expected response “r” may be selected and the target
change per breath in stimulus readily mathematically deter-
mined. For example, with respect to ramping up PetCO,[i]”
from 35 to 50 mm of Hg over a selected time period (e.g.
approx. 5 minutes) increasing PetCQ,[i]” approx. 0.25 mm
Hg every breath may define a suitable ramp sequence.
Optionally, this rate may be corroborated. Corroboratively, a
greater than 95% CVR response to a change in PaCO, may
be determined to be achieved in 16-18 seconds. Thus
increments of 1 mm of Hg every 16 second would be
suitable. Assuming a subject inhales 15 times per minute (1
breath every 4 seconds, this corresponds to 0.25 mm of Hg
every breath. Accordingly, according to one embodiment of
the invention, optionally, the time interval over which the
response is measured and the range of change in stimulus
range may be input to facilitate execution of a ramp
sequence so that a series of PetCO,[i]” targets for the
intervening breaths may be correspondingly obtained.

Optionally, with respect to increases in PetCO,[i]%, N is
advantageously 1, 2 or 3 breaths, optionally 1 breath, and Z
is the optionally the same for each increase, depending on
the total time interval for executing the range in stimulus Z
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or desired response range optionally ranging from 0.2 to 2

mm Hg. Optionally, with respect to increases in PetO2[i]* N

is advantageously 1 to 5, optionally 1, and Z is the optionally

the same for each increase, Z ranging from 1 to 20 mm Hg.

Simply by way of example, PetO,[i]” may be increased

every Nth breath wherein N=1 and Z=8 for each successive

breath in the series e.g. ranging from 100 mm Hg to 350 mm

Hg) while PetCO2[i]” is maintained constant. In another

embodiment, PetCO2[i]” is increased each Nth breath e.g.

from 35 mm Hg to 50 mm Hg (N=1, Z=0.25 for each

successive breath in the series) while PetQ,[i]” is maintained
constant.

Advantageously, as regards such sequences, where the
targets are increased or decreased at a rate selected for
observing a substantial response to an increment or decre-
ment in stimulus (termed a “ramp sequence™); e.g. with
respect to an exponential response, optionally at least a
response corresponding to two time constants, optionally at
least a 90-95% response or a response corresponding to
three time constants, optionally approximately linearly with
respect to time, the response (e.g. CVR) to a change in the
end tidal concentration of gas X e.g. carbon dioxide, is
substantially achieved within a given time increment e.g.
spanning 4 breaths, and is optionally plotted (measurement
may be more frequent) approximately every 4 breaths, in
contrast to making the change in stimulus in one step,
ideally, in one breath, in which case, the continuous plotting
of'the response reveals the time course of the response to the
stimulus.

Accordingly the invention is also directed to an apparatus
for controlling an amount of at least one gas X in a subject’s
lung to attain a targeted end tidal partial pressure of the at
least one gas X, comprising:

(1) a gas delivery device;

(2) a control system for controlling the gas delivery device
including means for:

a. Obtaining input of a concentration of gas X in the mixed
venous blood entering the subject’s pulmonary circulation
for gas exchange in one or more respective breaths [i]
(Can XD

b. Obtaining input of a logistically attainable end tidal partial
pressure of gas X (PetX[i]?) for a respective breath [i];

c. Obtaining input of a prospective computation of an
amount of gas X required to be inspired by the subject in
an inspired gas to target the PetX[i]” for a respective
breath [1i] using inputs required to compute a mass balance
equation including C,,;X[i], wherein one or more values
required to control the amount of gas X in a volume of gas
delivered to the subject is output from the mass balance
equation; and

d. Controlling the amount of gas X in a volume of gas
delivered to the subject in a respective breath [i] to target
the respective PetX[i]” based on the prospective compu-
tation; and optionally

e. Inputting values for execution of a ramp sequence (option-
ally via means for setting a cumulative time interval for
measuring the response and a range of the stimulus or
response to be canvassed, or optionally an increment or
decrement Z (in the example above 0.25 mm of Hg) for
each a series of respective breaths [i]* to [i]”, and option-
ally N.

N may be fixed at 1 in which case Z will be greater than
0 or or N is greater than 1 and Z may be zero in breaths
which are not the Nth breath and Z is greater than O in every
Nth breath.

BRIEF DESCRIPTION OF THE FIGURES

The invention will now be described with reference to the
figures, in which:
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FIG. 1 is a schematic overview of the movement of blood
and the exchange of gases throughout the entire system.

FIG. 2 is a detailed schematic representation of the
movement of blood and the exchange of gases at the tissues.

FIG. 3 is a detailed schematic representation of the
movement of blood and the exchange of gases at the lungs
when sequential rebreathing is not employed.

FIG. 4 is a detailed schematic representation of the
movement of blood and the exchange of gases at the lungs
when sequential rebreathing is employed.

FIG. 5 is a schematic diagram of one embodiment of an
apparatus according to the invention that can be used to
implement an embodiment of a method according to the
invention.

FIG. 6 is a graphic representation of a tuning sequence
and observed errors that can be used to tune model param-
eters.

FIG. 7 is a Table of abbreviations (Table 1) used in the
specification

FIGS. 8a and 85 are graphical representations of changes
in target end tidal values of CO2 and response—mid-
cerebral artery blood flow velocity, for a slow responder and
a fast responder as revealed by a ramp sequence.

FIG. 9 is a graphical representation of blood flow
responses to PCO, predicted for the model of a brain
vascular territory with a partially-stenosed vessel branch and
a healthy branch in parallel as revealed by a ramp sequence.

FIG. 10 is a graphical representation of a bold signal
response to PCO, as revealed by a ramp sequence and
corresponding CVR maps for an axial slice at different
PetCO, ranges for a patient with moya moya disease.

FIG. 11 is a tabulated raw data set showing measured end
PetCO, attained for 6 subjects when the end tidal gas
concentrations described in Example 1 were targeted.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

The invention is described hereafter in terms of one or
more optional embodiments of a gas X, namely carbon
dioxide and oxygen.

Prospective Modelling

Mass balance equations of gases in the lung are conven-
tionally derived from a continuous flow model of the pul-
monary ventilation. In this model, ventilation is represented
as a continuous flow through the lungs, which enters and
exits the lungs through separate conduits. As a consequence,
for example, the anatomical dead space would not factor into
the mass balance other than to reduce the overall ventilatory
flow into the alveolar space. In reality, however, ventilation
in humans is not continuous, but tidal. Gas does not flow
through the lungs, but enters the lungs during a distinct
inspiration phase of the breath and exits during a subsequent
expiration phase of the breath. In each breath cycle, gas is
inspired into the lungs via the airways and expired from the
lungs via the same airways through which gas was inspired.
One possible implication, for example, is that the first gas
inspired into the alveolar space in any breath is residual gas
which remains in the anatomical dead space following the
previous expiration. Continuous flow models neglect the
inspiration of residual gas from the anatomical dead space,
and therefore, since accounting for such a factor is generally
desirable, do not accurately represent the flux of gases in the
lungs.

As continuous flow models of pulmonary ventilation do
not correctly represent the flux of gases in the lungs, the
end-tidal partial pressures of gases induced from the inspi-
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ration of gas mixtures computed from such a model will,
necessarily, deviate from the targets.

By contrast, according to one aspect of the present inven-
tion, a mass balance equation of gases in the lungs is
preferably formulated in terms discrete respective breaths [i]
including respective discrete volumes corresponding to one
or more of the FRC, anatomic dead space, the volume of gas
X transferred between the pulmonary circulation and the
lung in a respective breath [i] and an individual tidal volume
of a respective breath [i]) is adaptable to account, for
example, for inspiration of residual gas from the anatomical
dead space into the alveolar space in each breath. Inasmuch
as a tidal model more faithfully represents the actual flux of
gases in the lungs compared with the conventional model,
the induced end-tidal partial pressures of gases, to an extent
that the model is fully exploited, it will more closely adhere
to the targets compared with results achieved using a con-
tinuous flow model.

Moreover, we have found that using a tidal model of
pulmonary ventilation, can be synergistically employed with
a sequential gas delivery system to facilitate closer adher-
ence to targets in both ventilated and spontaneously breath-
ing subjects without reliance on a negative feedback system.

According to the present invention, a prospective deter-
mination of pulmonary ventilation and gas exchange with
the blood can efficiently exploited even in spontaneously
breathing subjects where the ventilatory parameters are
highly variable and difficult to measure.

Where mechanical ventilation is employed, a prospective
model of pulmonary ventilation and gas exchange with the
blood envisages that the subject’s ventilatory parameters can
be estimated or measured to a level of accuracy sufficient to
employ prospective control of the end-tidal partial pressures
of one of more gases.

According to one embodiment of the invention, a tech-
nique of inspiratory gas delivery, sequential rebreathing,
which, when using a tidal model of the pulmonary ventila-
tion, significantly reduces or eliminates the dependence of
the calculation of the inspired gas composition to be deliv-
ered in each breath, and therefore the actual end-tidal partial
pressures of gases induced, on the subject’s ventilatory
parameters.

In parallel to what we have observed from studies with
respect to the subject’s ventilatory parameters, we have
found that when we run a set of standardized tuning
sequences, our model of the tissues more accurately reflects
the actual dynamics of the gas stored in the subject’s tissues.
The model parameters may be refined until the end-tidal
partial pressures of gases induced by execution of the tuning
sequences sufficiently adhere to the targets without the use
of any feedback control.

Sequential Gas Delivery

Sequential rebreathing is a technique whereby two dif-
ferent gases are inspired in each breath a controlled gas
mixture followed by a “neutral” gas. A controlled gas
mixture is any gas that has a controllable composition. Gas
inspired in any breath is neutral if it has the same compo-
sition as gas expired by the subject in a previous breath.
Neutral gas is termed as such since it has substantially the
same partial pressures of gases as the blood in the pulmonary
capillaries, and hence, upon inspiration into the alveolar
space, does not substantially exchange any gas with the
pulmonary circulation. Optionally, the rebreathed gas has a
composition that is selected to correspond (i.e. have the
same gas X concentration as that of) the targeted end tidal
gas composition for a respective breath [i]. It will be
appreciated that a modified sequential gas delivery circuit in
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which the subject exhales via a port leading to atmosphere
and draws on a second gas formulated by a second gas
delivery device (e.g. a gas blender) could be used for this
purpose, for example where the second gas is deposited in
an open ended reservoir downstream of a sequential gas
delivery valve, for example within a conduit of suitable
volume as exemplified in FIG. 7 of U.S. Pat. No. 6,799,570.

Sequential rebreathing is implemented with a sequential
gas delivery breathing circuit which controls the sequence
and volumes of gases inspired by the subject. A sequential
gas delivery circuit may be comprised of active or passive
valves and/or a computer or other electronic means to
control the volumes of, and/or switch the composition or
source of, the gas inspired by the subject.

The controlled gas mixture is made available to the
sequential gas delivery circuit for inspiration, optionally, at
a fixed rate. On each inspiration, the sequential gas delivery
circuit ensures the controlled gas mixture is inspired first, for
example with active or passive valves that connect the
subject’s airway to a source of the controlled gas mixture.
The supply of the controlled gas mixture is controlled so that
it is reliably depleted in each breath.

Once the supply of the controlled gas mixture is
exhausted, the sequential gas delivery circuit provides the
balance of the tidal volume from a supply of neutral gas
exclusively, for example with active or passive valves that
connect the subject airway to the subject’s exhaled gas from
a previous breath.

Gas expired in previous breaths, collected in a reservoir,
is re-inspired in a subsequent breath. Alternatively, the
composition of gas expired by the subject can be measured
with a gas analyzer and a gas with equal composition
delivered to the subject as neutral gas.

During inspiration of the neutral gas and expiration, the
supply of the controlled gas mixture for the next inspiration
accumulates at the rate it is made available to the sequential
gas delivery circuit. In this way, the subject inspires only a
fixed minute volume of the controlled gas mixture, deter-
mined by the rate at which the controlled gas mixture is
made available to the sequential gas delivery circuit, inde-
pendent of the subject’s total minute ventilation, and the
balance of subject’s the minute ventilation is made up of
neutral gas.

Examples of suitable sequential gas delivery circuits are
disclosed in US Patent Application No. 20070062534.

The fixed availability of the controlled gas mixture may
be accomplished by delivering a fixed flow rate of the
controlled mixture to a physical reservoir from which the
subject inspires. Upon exhaustion of the reservoir, the source
of inspiratory gas is switched, by active or passive means, to
neutral gas from a second gas source, for example a second
reservoir, from which the balance of the tidal volume is
provided.

It is assumed that in each breath the volume of the neutral
gas inspired at least fills the subject’s anatomical dead space.
Herein, all of the controlled gas mixture reaches the alveolar
space and any of the neutral gas that reaches the alveolar
space does not exchange gas with the circulation as it is
already in equilibrium with the pulmonary capillary blood.

Sequential gas delivery circuits may be imperfect in the
sense that a subject will inspire what is substantially entirely
a controlled gas mixture first. However, upon exhaustion of
the supply of the controlled gas mixture, when neutral gas is
inspired, an amount of controlled gas mixture is continually
inspired along with the neutral gas rather than being accu-
mulated by the sequential gas delivery circuit for the next
inspiration (2). The result is that the subject inspires exclu-
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sively controlled gas mixture, followed by a blend of neutral
gas and controlled gas mixture. As a result of the imperfect
switching of gases, a small amount of the controlled gas
mixture is inspired at the end of inspiration and enters the
anatomical dead space rather than reaching the alveolar
space. In practise, the amount of controlled gas mixture lost
to the anatomical dead space is small, and therefore, the
amount of controlled gas mixture that reaches the alveolar
space can still be assumed equal to the rate at which the
controlled gas mixture is made available to the sequential
gas delivery circuit for inspiration. Therefore, the method
described herein can be executed, as described, with imper-
fect sequential gas delivery circuits.

A simple implementation of sequential rebreathing using
a gas blender and passive sequential gas delivery circuit is
described in references cited below (2; 3). Other implemen-
tations of sequential gas delivery are described in patents
(4-8).

The contents of all references set forth below are hereby
incorporated by reference.

Various implementations of sequential gas delivery have
described by Joseph Fisher et al. in the scientific and patent
literature.

As seen FIG. 1, which shows a high level overview of the
movement of blood and the exchange of gases throughout
the entire system, the majority of the total blood flow (Q)
passes through the pulmonary circulation. Upon transiting
the pulmonary capillaries, the partial pressures of gases in
the pulmonary blood equilibrate with the partial pressure of
gases in the lungs (P,{i])—the result is partial pressures of
gases in the pulmonary end-capillary blood equal to the
end-tidal partial pressures of gases in the lungs. The blood
gas contents of this blood (C.[i]) can then be determined
from these partial pressures. The remaining fraction (s) of
the total blood flow is shunted past the lungs and flows
directly from the mixed-venous circulation into the arterial
circulation without undergoing any gas exchange. There-
fore, the gas contents of the arterial blood (C,_[1]) are a flow
weighted average of the pulmonary end-capillary blood with
gas contents equilibrated to that of the lungs, and the shunted
blood with gas contents which are equal to the mixed-
venous blood entering the pulmonary circulation (C,[i]).
The arterial blood flows through the tissue capillary beds,
where gases are exchanged between the blood and the
tissues. There are one or more tissue capillary beds, each of
which receives a fraction of the total blood flow (q) and has
unique production, consumption, storage, and exchange
characteristics for each gas. The gas contents in the venous
blood leaving each tissue (C,{i]) can be determined from
these characteristics. The gas contents of the mixed-venous
blood leaving the tissues (C,pp)[i]) are given by the flow
weighted average of the gas contents in the venous blood
leaving each tissue. The mixed-venous blood leaving the
tissues enters the pulmonary circulation after the recircula-
tion delay (ng).

FIG. 2—The Tissues

As shown in FIG. 2, the total blood flow (Q) enters the
tissue capillary beds from the arterial circulation, where the
gas contents of the arterial blood (C,[i]) are modified by gas
exchange between the blood and the tissues. To obtain input
of the gas contents of the mixed-venous blood, the flow of
blood through the tissues is modelled as a system of one or
more compartments where each compartment represents a
single tissue or group of tissues. Each compartment is
assumed to receive a fraction of the total blood flow (q) and
has a unique production or consumption (v) of, and storage
capacity (d) for, each gas. The content of gases in the venous
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blood leaving each compartment (C,[i]) can be determined
from the arterial inflow of gases, and the assumed produc-
tion or consumption, and storage of the gas in the compart-
ment. The blood flows leaving each compartment unite to
form the mixed-venous circulation. Therefore, the gas con-
tents of the mixed-venous blood leaving the tissues (Cypz
[i]) are given by the flow weighted average of the gas
contents in the venous blood leaving each tissue.

FIG. 3—The Lungs (No Sequential Rebreathing)

As shown in FIG. 3, gas enters the lungs in two ways—
diffusion from the pulmonary circulation and inspiration
though the airways. The pulmonary blood flow is equal to
the total blood flow (Q) less the fraction (s) of the total blood
flow that is shunted past the lungs. The flux rate of gas
between the lungs and the pulmonary blood flow in a breath
(VBIi]) is, by mass balance, the product of the pulmonary
blood flow and the difference between the gas contents of the
mixed-venous blood (C,,;{i]) entering the pulmonary cir-
culation and the gas contents of the pulmonary end-capillary
blood (Cp[i]) leaving the pulmonary circulation.

The starting volume of the lungs in any breath is given by
the functional residual capacity (FRC). This is the gas left
over in the lungs at the end of the previous expiration, and
contains partial pressures of gases equal to the target end-
tidal partial pressures from the previous breath (P, {i-1]%).
The first part of inspiration draws gas in the anatomical dead
space (V) from the previous breath into the alveolar space.
The partial pressures of gases in this volume are equal to the
target end-tidal partial pressures from the previous breath.
Subsequently, a volume of a controlled gas mixture (VG,)
with controllable partial pressures of gases (P,[i]) is
inspired.

FIG. 4—The Lungs (Sequential Rebreathing)

As shown in FIG. 4, gas enters the lungs in two ways
diffusion from the pulmonary circulation and inspiration
though the airways. The pulmonary blood flow is equal to
the total blood flow (Q) less the fraction (s) of the total blood
flow that is shunted past the lungs. The flux rate of gas
between the lungs and the pulmonary blood flow in a breath
(VBIi]) is, by mass balance, the product of the pulmonary
blood flow and the difference between the gas contents of the
mixed-venous blood (C,,;{i]) entering the pulmonary cir-
culation and the gas contents of the pulmonary end-capillary
blood (C_[i]) leaving the pulmonary circulation.

The starting volume of the lungs in any breath is given by
the functional residual capacity (FRC). This is the gas left
over in the lungs at the end of the previous expiration, and
contains partial pressures of gases equal to the target end-
tidal partial pressures from the previous breath (P,{i-1]%).
The first part of inspiration draws gas in the anatomical dead
space (V) from the previous breath into the alveolar space.
The partial pressures of gases in this volume are equal to the
target end-tidal partial pressures from the previous breath.
Subsequently, a volume of a controlled gas mixture (VG,)
with controllable partial pressures of gases (P,[i]) is
inspired. The average volume of the controlled gas mixture
inspired into the alveoli in each breath (VG,) is given by the
flow rate of the controlled gas mixture (FG,) to the sequen-
tial gas delivery circuit (SGDC) delivered over one breath
period (Tz). The balance of the tidal volume (V) is com-
posed of a volume of neutral gas (VG,). Where a sequential
gas delivery circuit is used that provides previously expired
gas as neutral gas, this volume contains partial pressures of
gases equal to the target end-tidal partial pressures from the
previous breath.
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FIG. 5—Apparatus

As shown in FIG. 5, according to one embodiment of an
apparatus according to the invention, the apparatus consists
of a gas blender (GB), a Hi-OX; sequential gas delivery
circuit (SGDC), gas analyzers (GA), a pressure transducer
(PT), a computer (CPU), an input device (ID), and a display
(DX). The gas blender contains three rapid flow controllers
which are capable of delivering accurate mixes of three
source gases (SG,, SG,, SG;) to the circuit. The gases are
delivered to the circuit via a gas delivery tube connecting the
outlet of the gas blender to the inlet of the sequential gas
delivery circuit. The gas analyzers measure the partial
pressures of gases at the airway throughout the breath. The
analyzers sample gas for analysis proximal to the subject’s
airway via a sampling catheter. A small pump is used to draw
gases from the subject’s airway through the gas analyzers.
The pressure transducer is used for measurement of the
breath period (Tjz) and end-tidal detection, and also con-
nected by a sampling catheter proximal to the subject’s
airway. The gas analyzers and pressure transducer commu-
nicate with the computer via analog or digital electrical
signals. The computer runs a software implementation of the
end-tidal targeting algorithm and demands the required
mixtures from the blender via analog or digital electrical
signals. The operator enters the target end-tidal values and
subject parameters into the computer via the input device.
The display shows the measured and targeted end-tidal
gases.

FIG. 6—Tuning

As illustrated in FIG. 6, with reference to examples of gas
X (oxygen and carbon dioxide) parameters representing
inputs for computation of F;X can be tuned so that the
measured end-tidal partial pressures of 02 (P,,O2[i]*) and
the measured end-tidal partial pressures of CO2 (P;,CO2
[i1*) during any sequence more closely reflect the target
end-tidal partial pressures of 02 (P,;02[i]?) and the target
end-tidal partial pressures of CO2 (P,CO2[i]?). To tune the
system parameters, standardized tuning sequences are run
and the measured results compared to the targets. The
difference between measured end-tidal partial pressures and
the target end-tidal partial pressures in the standardized
tuning sequences can be used to refine the estimates of some
physiological parameters.

The tuning sequence optionally sets the target end-tidal
partial pressure of 02 (P.,02[i]¥) at 5 mmHg above the
baseline end-tidal partial pressure of O2 (P,02,*) through-
out the sequence, and executes a S mmHg step-change in the
end-tidal partial pressure of CO2 (P.,CO2[i]Y) from 5
mmHg above the baseline end-tidal partial pressure of CO2
(P,CO2,M) to 10 mmHg above the baseline end-tidal
partial pressure of CO2 in breath 30 (i=30) of the sequence.

Embodiments of mass balance equations:
No SGD:
PerX[i]" -(FRC+ Vy) = PerX[i =117 -(FRC + Vp) —
. PB-Q-(1-5)-Tg-(Cyy X[i] - CpX[i])
FiX[i] =
(Vr-Vp)-PB
SGD:

(PerX[" - PgrX[i - 117)-(FRC + Vr) + PgrX[i - 177 -
(FGy-Tg)=PB-Q-(1=9)-Tg - (Cyy X[i] - C, X[{])
FG,-Tgz-PB

FiXi]
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Abbreviations and terms are in FIG. 7.

Physiological Inputs

This section describes how to obtain measurements or
estimates of all the physiological inputs required to execute
a prospective end-tidal targeting sequence.

Subject Weight, Height, Age, and Sex:

Subject weight (W), height (H), age (A), and sex (G) can
be obtained from a subject interview, an interview with a
family member, from an attending physician, or from medi-
cal records. Weight and height can also be measured.

Bicarbonate:

The bicarbonate concentration ([HCO,]) can be obtained
from a blood gas measurement. If a blood gas measurement
is not available or possible, it can be estimated as the middle
of the normal range 24 mmol/LL (9; 10).

Temperature:

Body temperature (T) can be obtained from a recent
invasive or non-invasive measurement. If a measurement is
not available or possible, it can be estimated as the middle
of the normal range—37 C (11; 12).

Haemoglobin Concentration:

The haemoglobin concentration (Hb) can be obtained
from a blood gas measurement. If a blood gas measurement
is not available or possible, it can be estimated as the middle
of the normal range for the subject’s sex (G):

for males
for females (10; 13)

15 g/dL
13 g/dL

Shunt Fraction:

The intrapulmonary shunt fraction (s) can be measured
using a variety of invasive and non-invasive techniques
(14-17). If measurement is not available or possible, it can
be estimated as the middle of the normal range—0.05 (18;
19).

Cardiac Output:

The cardiac output (Q) can be measured using a variety of
invasive and non-invasive techniques (20-23). If measure-
ment is not available or possible, it can be estimated from the
subject’s weight (W) according to the relationship:

0=10-(0.066-W+1.4)

Breath Period:

The breath period (Tz) can be measured using a pressure
transducer (PT) or flow transducer (FT) proximal to the
subject’s airway. Alternatively, the subject can be coached to
breathe at a predetermined rate using a metronome or other
prompter. If the subject is mechanically ventilated, this
parameter can be determined from the ventilator settings or
ventilator operator.

Recirculation Time:

The number of breaths for recirculation to occur (ng) can
be measured using a variety of invasive and non-invasive
techniques (25-27). If measurement is not available or
possible, it can be estimated from the breath period (T ) and
an average recirculation time (0.3 min) (28) according to the
relationship:

4

1g=0.3/T}

Metabolic O2 Consumption:

The overall metabolic O2 consumption (VO2) can be
measured using a metabolic cart. If measurement is not
available or possible, it can be estimated from the subject’s
weight (W), height (H), age (A), and sex (G) according to
the relationship:
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VOZ:lO-W+625-H—5-A+5 for males 29
6.8832
10-W +625-H-5-A - 161
Vo2 = L) for females

Metabolic CO2 Production:

The overall metabolic CO2 production (VCO2) can be
measured using a metabolic cart. If measurement is not
available or possible, it can be estimated from the overall
metabolic O2 consumption (VO2) and average respiratory
exchange ratio (0.8 ml CO2/ml 02) (30) according to the
relationship:

VCO02=0.8-VO2

Functional Residual Capacity:

The functional residual capacity (FRC) can be measured
using a variety of respiratory manoeuvres (31). If measure-
ment is not available or possible, it can be estimated from the
subject’s height (H), age (A), and sex (G) according to the
relationship:

FRC=(2.34-H+0.01-4-1.09)-1000 for males

FRC=(2.24-H+0.001-4-1.00)-1000 for females (32)

Anatomical Dead Space:

The anatomical dead space (V) can be measured using a
variety of respiratory manoeuvres (33-35). If measurement
is not available or possible, it can be estimated from the
subject’s weight (W) and sex (G) according to the relation-
ship:

Vp=1.765-W+32.16 for males

Vp=1.913-W+21.267 for females (36)

Rate at which the controlled gas mixture is made available
for inspiration when using a sequential gas delivery circuit
(SGDC)

When using a sequential gas delivery circuit (SGDC), the
rate at which the controlled gas mixture is made available for
inspiration (FG,) should be set so that the volume of the
neutral gas inspired in each breath (VG,) is greater than or
equal to the anatomical dead space (V). The subject can be
coached to increase their ventilation and/or the availability
of the controlled gas mixture decreased until a sufficient
volume of the neutral gas is observed to be inspired in each
breath.

Tidal Volume:

The tidal volume (V) can be measured using a flow
transducer (FT) proximal to the subject’s airway. If mea-
surement is not available or possible, in spontaneous breath-
ers when using a sequential gas delivery circuit (SGDC), it
can be estimated from the rate at which the controlled gas
mixture (G,) is made available for inspiration (FG,), the
breath period (Tz), and the anatomical dead space (V)
according to the empirical relationship:

If FG,<15000: V;=(0.75-FG,+3750) Tg+ V7,

else: Vi=FG - Tz+Vp

Alternatively, the subject can be coached or trained to
breathe to a defined volume using a prompter which mea-
sures the cumulative inspired volume and prompts the
subject to stop inspiration when the defined volume has been
inspired. If the subject is mechanically ventilated, this
parameter can be determined from the ventilator settings or
ventilator operator.
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Target Sequence Input

The operator enters a target sequence of n breaths con-
sisting of a target end-tidal partial pressures of O2 (P;,02
[i]%) and a target end-tidal partial pressure of CO2 (P;,CO2
[i]9) for every breath (i) of the sequence.

Calculation of the Inspired Gas Composition to Induce
Target End-Tidal Values

The partial pressure of O2 in the controlled gas mixture
(P,0O2[i]) and the partial pressure of CO2 in the controlled
gas mixture (P,CO2[i]) required to induce the sequence of
target end-tidal partial pressures of 02 (P.,02[i]") and
target end-tidal partial pressures of CO2 (P.,CO2[i]¥) can
be calculated by executing the steps outlined in sections
6-15 for every breath of the sequence (i,i=1 . . . n).

Calculate the O2 and CO2 Partial Pressures of Pulmonary
End-Capillary Blood

When sequential rebreathing is employed (2; 37; 38), we
assume that the partial pressure of O2 in pulmonary end-
capillary blood (P,02[i]) is equal to the target end-tidal
partial pressure of O2 (P,0?[i]%), and the partial pressure
of CO2 in pulmonary end-capillary blood (P,CO2[i]) is
equal to the target end-tidal partial pressure of CO2
(P,,CO2[i1") (39).

P,02[i]=Pz;02[i]"

P,CO2[i]=Pz7CO2[i]"

Various other formulas have been proposed to derive
blood gas partial pressures from end-tidal partial pressures.
For example, see (40; 41). Any of these relationships can be
used in place of the above equalities.

Calculate the pH Pulmonary End-Capillary Blood

The pH of the pulmonary end-capillary blood (pH[i]) can
be calculated from the Henderson Hasselbalch equation
using the blood bicarbonate concentration ([HCO,]), the
blood CO2 partial pressure (P,CO2[i]), and the solubility of
CO2 in blood (0.03 mmol/L/mmHg) (9).

[HCOs] ]

pH[i] =6.1 + 10470.03?;@02[1']

Calculate the O2 Saturation of Pulmonary End-Capillary
Blood

The O2 saturation of pulmonary end-capillary blood
(S,02[i]) can be calculated from experimental equations
using the body temperature (T), the blood pH (pH[i]), the
blood CO2 partial pressure (P,CO2[i]), and the blood O2
partial pressure (P, O2[i]) (42).

5,02[] =

—8532.2289- 7+ 2121.401-2% — 67.073989- 2 + *
035960.87 — 31346.258- 7 + 2396.1674- 22 — 67.104406 - 73 + 7*
where 7= PpOZ[i]- 100.024-(37—T)+0.4-(pH[i]—7.4)+0.06-(log40—bgPpC02[i])

100

Calculate the O2 Content of Pulmonary End-Capillary
Blood

The O2 content of pulmoenary end-capillary blood (C,02
[i]) can be calculated from the O2 saturation of the blood
(S,02[i]), the blood haemoglobin concentration (Hb), the
02 carrying capacity of haemoglobin (1.36 ml/g), and the
solubility of O2 in blood (0.003 ml/d[./mmHg) (43).
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O2[i]
100

S
€,02[i] = 1.36- Hb- =~ +0.003- P,02[]

Alternative derivations of pH, O2 saturation, and O2
content are reviewed in detail in (44).

Calculate the CO2 Content of Pulmonary End-Capillary
Blood

The CO2 content of pulmonary end-capillary blood
(C,CO2[i]) can be calculated from the blood haemoglobin
concentration (Hb), the O2 saturation of the blood (S,02[i]),
the blood pH (pH[i]), and the blood CO2 partial pressure
(P,CO2[i]) (45).

0.02924- Hb

5p0201] .
0 ]) -(8.740 — pH[])

Cpy

C,C02[{] = [1.0 -

(2.244 - 0.422-(

where: C,~0.0301-P,CO2[i]-(1+10°7116-19).2 226

See also (46-48) for alternative calculations of CO2
content.

Calculate the O2 and CO2 Content of Arterial Blood

The arterial blood is a mixture of the pulmonary end-
capillary blood and the blood shunted past the lungs. The
percentage of the cardiac output (Q) that is shunted past the
lungs is given by the intrapulmonary shunt fraction (s).

The content of O2 in the arterial blood (C,02[i]) is a
weighted average of the O2 content of the pulmonary
end-capillary blood (C,02[i]) and the O2 content of the
blood which is shunted directly from the mixed-venous
circulation (C,,O2[i]).

C,02[]]=(1-5)-C,02[{]+s-CaO2Ii]

The content of CO2 in the arterial blood (C,CO2[i]) is a
weighted average of the CO2 content of the pulmonary
end-capillary blood (C,CO2[i]) and the CO2 content of the
blood which is shunted directly from the mixed-venous
circulation (C, ., CO2[i]).

C,CO2[i]=(1-5)-C,CO2+s-Cy CO2(1]

Calculate the O2 Content of the Mixed-Venous Blood

Before returning to the venous circulation, the arterial
blood passes through the tissue capillary beds where O2 is
consumed and exchanged. This system can be modelled as
a compartmental system where each compartment (j) rep-
resents a single tissue or group of tissues. Each compartment
is assigned a storage capacity for O2 (dO2)). Each compart-
ment is also modelled as being responsible for a fraction
(vo2)) of the overall metabolic O2 consumption (VO2), and
recelving a fraction (q,) of the total cardiac output (Q). The
content of O2 in the venous blood leaving a compartment
(C,02[i)) is equal to the content of O2 in the compartment.
Assuming an O2 model with n,, compartments, the O2
content of the venous blood leaving each compartment can
be calculated from the O2 content in the compartment
during the previous breath (C,02[i-1]), the compartment
parameters, and the period of the breath (Tj).

Forj=1...ng,,

Cy02,[i] =

100-T,
Cy02,li-1]+ WZB (g - Q- (C,02[] - CyO2,[i - 1]) — vo2,; - VO2)
J
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The values for a one compartment model (n,,=1) are
given below. The model assumes a single compartment with
a storage capacity for O2 (dO2,) proportional to the subjects
weight W) (49).

j q; dO2; vo2,

7 7

(1500/70) - W 1

The mixed-venous O2 content leaving the tissues
(CagreryO2[i]) s the sum of the O2 content leaving each
compartment (C,O2][i]) weighted by the fraction of the
cardiac output (q;) received by the compartment.

oy
CuyO2[i] = Z g;-CyO2;[i]
=

Alternatively, since the storage capacity of O2 in the
tissues of the body is small, the O2 content of the mixed-
venous blood leaving the tissues (C,O2[i]) can be
assumed to be equal to the arterial inflow of O2 to the tissues
(Q-C,02]i]) less the overall metabolic O2 consumption of
the tissues (VO2) distributed over the cardiac output (Q).

0-C,02[i] -VO2

CuyyO2;li] = 0

The O2 content of the mixed-venous blood entering the
pulmonary circulation (C,,,02[i]) is equal to the O2 content
of'the mixed-venous blood leaving the tissues delayed by the
recirculation time (C,/pO2[1-1g])

Cag?O2[i]=CrpryO2[i-1g]

Other O2 model parameters are available from (49; 50).

Calculate the CO2 Content of the Mixed-Venous Blood

Before returning to the venous circulation, the arterial
blood passes through the tissue capillary beds where CO2 is
produced and exchanged. This system can be modelled as a
compartmental system where each compartment (k) repre-
sents a single tissue or group of tissues. Each compartment
is assigned a storage capacity for CO2 (dCO2,). Each
compartment is also modelled as being responsible for a
fraction (vco2,) of the overall metabolic CO2 production
(VCO2), and receiving a fraction (q,) of the total cardiac
output (Q). The content of CO2 in the venous blood leaving
a compartment (C,CO2,[1]) is equal to the content of CO2
in the compartment. Assuming a CO2 model with n.,,
compartments, the CO2 content of the venous blood leaving
each compartment can be calculated from the CO2 content
in the compartment during the previous breath (C,CO2 [i-
1]), the compartment parameters, and the period of the
breath (Tj).

For k=1 ..

- Neon

CyCO2[i] = CyCO2 [i— 1] +

100- Ty

Jcon,  (00% V02 = g 0+ (CyCO i - 1] = C,COi))
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The values for a five compartment model (n-,,=5) are
given below (51). The model assumes each compartment has
a storage capacity for CO2 (dCO2,) proportional to the
subjects weight (W).

k Qi dCOo2; veo2y
1 0.04 (225/70) - W 0.11
2 0.14 (902/70) - W 0.28
3 0.16 (9980/70) - W 0.17
4 0.15 (113900/70) - W 0.15
5 0.51 (3310/70) - W 0.29

The values for a one compartment model (n.,,=1) are
given below. The model assumes a single compartment with
a storage capacity for CO2 (dCO2,) proportional to the
subjects weight (W). The storage capacity for the single
compartment is calculated as the average of the storage
capacity for each compartment of the multi-compartment
model weighted by the fraction of the cardiac output
assigned to the compartment.

dCOo2; veo2;

(20505/70) - W 1

The mixed-venous CO2 content leaving the tissues (C, ;-
@CO2[i]) is the sum of the CO2 content leaving each
compartment (C,CO2,[i]) weighted by the fraction of the
cardiac output (q;) received by the compartment.

nCo2
CvCO20i = > g~ CyCOX[)
k=1

The CO2 content of the mixed-venous blood entering the
pulmonary circulation (C,,,CO2[i]) is equal to the CO2
content of the mixed-venous blood leaving the tissues
delayed by the recirculation time (C,p,CO2[i-ng])

CanCO2[i=CorgrryCO2i-11g]

Other CO2 model parameters are available from (49; 52).

Calculate PIO2 and PICO2 to Deliver with no Sequential
Gas Delivery Circuit

On each inspiration, a tidal volume (V) of gas is inspired
into the alveoli. When the subject is not connected to a
sequential gas delivery circuit, gas is inspired in the follow-
ing order: a) the gas in the anatomical dead space (V) is
re-inspired with a partial pressure of O2 equal to the target
end-tidal partial pressure of O2 from the previous breath
(P;02[i-117) and a partial pressure of CO2 equal to the
target end-tidal partial pressure of CO2 from the previous
breath (P,,CO2[i-1]%); b) a volume of controlled gas mix-
ture (VG,) with controllable partial pressure of O2 (P,02[i])
and controllable partial pressure of CO2 (P,CO2[i]). This
inspired gas mixes with the volume of gas in the functional
residual capacity (FRC) with a partial pressure of O2 and
CO2 equal to the target end-tidal partial pressures from the
previous breath.

A volume of O2 is transferred between the alveolar space
and the pulmonary circulation VB,,[i]). The rate of O2
transfer between the alveolar space and the pulmonary
circulation depends on the product of the cardiac output (Q)
less the intrapulmonary shunt fraction (s), and the difference
between the mixed-venous O2 content entering the pulmo-
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nary circulation (C,,,£02[i]) and the pulmonary end-capil-
lary O2 content (C,02[i]) leaving the pulmonary circula-
tion. This transfer occurs over the breath period (Tj).
VBoo[il=Q-(1-5) Tp'(CarpO2[i]C,O2[(])

A volume of CO2 is transferred between the alveolar
space and the pulmonary circulation (VB,,[i]). The rate of
CO2 transfer between the alveolar space and the pulmonary
circulation depends on the product of the cardiac output (Q)
less the intrapulmonary shunt fraction (s), and the difference
between the mixed-venous CO2 content entering the pul-
monary circulation (C,,CO2[i]) and the pulmonary end-
capillary CO2 content (C,CO2[i]) leaving the pulmonary
circulation. This transfer occurs over the breath period (T5).

VB coali]=Q-(1-5) Tp:(CaryCO2[1]-C,CO2[])
The average volume of the controlled gas mixture

inspired into the alveoli in each breath (VG,) is given by the
tidal volume (V) less the anatomical dead space (V).

VG, =V1Vp

The end-tidal partial pressure O2 (P,02[i]%) is simply
the total volume of O2 in the alveolar space, divided by the
total volume of the alveolar space. The end-tidal partial
pressure CO2 (P,,CO2[i]?) is simply the total volume of
CO2 in the alveolar space, divided by the total volume of the
alveolar space.

02 re—inspired
from Vp

02 in controlled

02 in FRC gas mixture

02 transfered into lung from

the circulation (VBg»)

15

20

PerO2T PB-Q-(1 —5)-Tg- (Cyy O2[i] — C,O2[i])
ET =

Vr + FRC
Total volume of the alveolar space

CO2 re—inspired

CO2 in FRC from Vp
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comparatively small and neglected. Neglecting any terms of
the mass balance equations will decrease computational
complexity at the expense of the accuracy of the induced
end-tidal partial pressures of gases.

After re-arranging the above equations for the partial
pressure of O2 in the controlled gas mixture and the partial
pressure of CO2 in the controlled gas mixture, simplifica-
tion, and grouping of terms:

PerO2[i)" - (FRC + Vy) = PgrO2[i = 117 - (FRC + Vp) —
PB-Q- (1 —5)-Tg- (CyyO2[i] - C,02[i])

P,02[i] = T
PerCO2[i) - (FRC + Vy) — PgrCO2[i = 117 - (FRC + Vp) —
PB-Q-(1 —5)- Tg - (Cyyy CO2[i] — C,CO2[i])
P,CO2[i] =

Vr-Vp

These equations can be used to calculate the partial
pressure of O2 in the controlled gas mixture (P,02[i]) and
the partial pressure of CO2 in the controlled gas mixture
(P,CO2[i]) required to induce a target end-tidal partial
pressure of 02 (P,,02[i]?) and target end-tidal partial
pressure of CO2 (P,,CO2[i]%) where the target end-tidal
partial pressure of O2 from the previous breath (P.,02[i-

CO2 in controlled

gas mixture

CO2 transfered into lung from

the circulation (VBco2)

PerCO2[i) PB-Q-(1=5)-Tg- (Cay CO2[i] - C,CO2[1])
ET =

Vr + FRC
Total volume of the alveolar space

Since all of these volumes and partial pressures are either
known, or can be estimated, the partial pressure of O2 in the
controlled gas mixture (P;O2[i]) and the partial pressure of
CO2 in the controlled gas mixture (P,CO2[i]) can be set to
induce target end-tidal partial pressures.

In some cases, some of the terms (braced terms in the
numerator of the above equations) contributing to the target
end-tidal partial pressure of 02 (P.;02[i]7) or the target
end-tidal partial pressure of CO2 (P.;CO2[i]") may be
neglected. For example, in most cases, the O2 or CO2
re-inspired from the anatomical dead space (V) is small
compared to the O2 or CO2 in the other volumes that
contribute to the end-tidal partial pressures. In a case where
the volume of O, or CO, in the controlled gas mixture is
very large, for example when trying to induce a large
increase in the target end-tidal partial pressures, the O, or
CO, transferred into the lung from the circulation may be

50

55

11%), the target end-tidal partial pressure of CO2 from the
previous breath (P.,CO2[i-1]%), the functional residual
capacity (FRC), the anatomical dead space (V,), tidal
volume (V), the breath period (Tj), cardiac output (Q),
intrapulmonary shunt fraction (s), mixed-venous content of
02 entering the pulmonary circulation (C,,,02][i]), mixed-
venous content of CO2 entering the pulmonary circulation
(CaCO2[i]), pulmonary end-capillary content of O2 (C,02
[i]), and pulmonary end-capillary content of CO2 (C,CO2
[i]) are either known, calculated, estimated, measured, or
predicted.

Notice that the partial pressure of O2 in the controlled gas
mixture (P;O2[i]) and the partial pressure of CO2 in the
controlled gas mixture (P,CO2[i]) required to induce a target
end-tidal partial pressure of 02 (P.;O2[i]?) or a target
end-tidal partial pressure of CO2 (P,,CO2[i]") depends
strongly on the tidal volume (V;), anatomical dead space
(Vp), and the functional residual capacity (FRC).
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It is often useful in practise to maintain the end-tidal
partial pressures of gases steady for a predefined number of
breaths or period of time. This is a special case of inducing
target end-tidal partial pressures of gases where the target
end-tidal partial pressure of a gas in a breath is equal to the
target end-tidal partial pressure of said gas from the previous
breath.

Pr;02[i17=Pz;02[i-1]T OR

Pz CO2[1)7 =Pz CO2[i-1]7

Herein, the above general equations for calculating the
composition of the controlled gas mixture reduce to the
following:

PerO2[i)” - (V- Vp) -
PB-Q-(1-5)-Tg-(CyyO2[i] - CpOZ[i])
VT - VD

P,02[i] =

PerCO2[HT - (Vr = Vp) -
PB-Q-(1 —5)-Tg- (Cny CO2[i] - C,CO2[])

P,CO2[i] =
i [] TA—

Notice, these equations still require the estimation, mea-
surement, or determination of many of the subject’s venti-
latory or pulmonary parameters, namely, tidal volume (V ),
functional residual capacity (FRC), breath period (Tz), and
anatomical dead space (V). Therefore, in the absence of
sequential rebreathing, the calculation of the partial pressure
of O, in the controlled gas mixture (P;02[i]) and the partial
pressure of CO2 in the controlled gas mixture (P,CO2[i])
required to induce a target end-tidal partial pressure of O,
(P,02[i]%) and a target end-tidal partial pressure of CO,
(P,CO2[i]%) is highly dependant on the subjects ventilatory
and pulmonary parameters. However, some of these param-
eters, namely functional residual capacity (FRC) and the
anatomical dead space (V,), can be measured or estimated
prior to execution of the targeting sequence, and can be
reasonably assumed not to change over the course of the
experiment. Other parameters, namely tidal volume (V;)
and breath period (1), while normally highly variable, are
very well controlled and stable in mechanically ventilated
subjects.

This method, therefore, is optional, especially where a
simpler approach is preferred, and the subject’s ventilation
can be reasonably controlled or predicted.

It will be recognized that the volumes and partial pres-
sures required to calculate the partial pressure of O, in the
controlled gas mixture (P,O2[i]) and the partial pressure of
CO, in the controlled gas mixture (P,CO2[i]) may need to be
corrected for differences in temperature or presence of water
vapour between the lung and the conditions under which
they are measured, estimated, or delivered. The corrections
applied will depend on the conditions under which these
volumes and partial pressures are measured, estimated, or
delivered. All volumes and partial pressures should be
corrected to body temperature and pressure saturated con-
ditions. A person skilled in the art will be comfortable with
these corrections.

A person skilled in the art will also recognize the equiva-
lence between partial pressures and fractional concentra-
tions. Any terms expressed as partial pressures can be
converted to fractional concentrations and vice-versa. For
example, the partial pressure of O2 in the controlled gas
mixture (P;O2[i]) and the partial pressure of CO2 in the

10

15

20

25

30

35

40

45

50

55

60

65

38

controlled gas mixture P,CO2[i]) may be converted a frac-
tional concentration of O2 in the controlled gas mixture
F,02[i]) and a fractional concentration of CO2 in the con-
trolled gas mixture (F,CO2[i]).

. PO2[]
F;02[i] =
PB
P,CO2(H]
F/CO2[1] =
PB

Calculate P1IO2 and PICO2 to Deliver to a Sequential Gas
Delivery Circuit

On each inspiration, a tidal volume (V) of gas is inspired
into the alveoli. When the subject is connected to a sequen-
tial gas delivery circuit (SGDC) that collects previously
expired gas in a reservoir for later inspiration as neutral gas
(ex. Hi-Ox ), gas is inspired in the following order: a) the
gas in the anatomical dead space (V) is re-inspired with a
partial pressure of O2 equal to the target end-tidal partial
pressure of O2 from the previous breath (P.,02[i-1]%) and
a partial pressure of CO2 equal to the target end-tidal partial
pressure of CO, from the previous breath (P,,CO2[i-1]7);
b) a volume of controlled gas mixture (VG,) with control-
lable partial pressure of O, (P,02[i]) and controllable partial
pressure of CO2 (P,CO2[i]); ¢) a volume of neutral gas
(VG,) with a partial pressure of O2 and CO2 equal to the
target end-tidal partial pressures from the previous breath.
This inspired gas mixes with the volume of gas in the
functional residual capacity (FRC) with a partial pressure of
02 and CO2 equal to the target end-tidal partial pressures
from the previous breath.

A volume of O2 is transferred between the alveolar space
and the pulmonary circulation (VB,[i]). The rate of O2
transfer between the alveolar space and the pulmonary
circulation depends on the product of the cardiac output (Q)
less the intrapulmonary shunt fraction (s), and the difference
between the mixed-venous O2 content entering the pulmo-
nary circulation C,,,02[i]) and the pulmonary end-capillary
02 content (C,02[i]) leaving the pulmonary circulation.
This transfer occurs over the breath period (Ty).

VB[t 170 (1-5) Ty (Cap O2[{]-C,02[])

A volume of CO2 is transferred between the alveolar
space and the pulmonary circulation (VB ,,[i]). The rate of
CO2 transfer between the alveolar space and the pulmonary
circulation depends on the product of the cardiac output (Q)
less the intrapulmonary shunt fraction (s), and the difference
between the mixed-venous CO2 content entering the pul-
monary circulation (C,,,CO2[i]) and the pulmonary end-
capillary CO2 content (C,CO2[i]) leaving the pulmonary
circulation. This transfer occurs over the breath period (T5).

VB colil=Q-(1-5) T (CaryCO2[i]-C,CO2[i])

Assuming a neutral gas at least fills the subject’s ana-
tomical dead space (V,), the average volume of the con-
trolled gas mixture inspired into the alveoli in each breath
(VG,) is given by the rate at which the controlled gas
mixture is made available for inspiration (FG,) delivered
over a single breath period (Tp):

VG,=FG, Ty



US 11,077,266 B2

39

The average volume of neutral gas that is inspired into the
alveoli in each breath is given by the tidal volume (V) less
the volume of inspired controlled gas mixture (VG,) and the
volume of gas that remains in the anatomical dead space
(Vo)

VG, =V~Vp-FG, Ty

The end-tidal partial pressure O2 (P,02[i]%) is simply
the total volume of O2 in the alveolar space, divided by the
total volume of the alveolar space. The end-tidal partial
pressure CO2 (P,,CO2[i]%) is simply the total volume of
CO2 in the alveolar space, divided by the total volume of the
alveolar space.

02 re—inspired

02 in FRC from Vp gas mixture

02 in controlled

5

40
After re-arranging the above equations for the partial
pressure of O2 in the controlled gas mixture and the partial
pressure of CO2 in the controlled gas mixture, simplifica-
tion, and grouping of terms:

(PerO2[i)" = PgrO2[i - 117)- (FRC + V) +
PgrO2[i— 117 -(FG, -Tg) - PB-Q-
(1 =5)-Tg-(Cuy O2[i] - C, O2[i])

P,O02[i] = Gy 15

02 in neutral gas

02 transfered into lung from

the circulation (VBgs)

PB-Q-(1 =s)-Tg-(Cyy O2li] = C,O2[i])

T_
PerO20)" = Vr + FRC

Total volume of the alveolar space

CO2 re—inspired CO2 in controlled
CO2 in FRC from Vp gas mixture CO2 in neutral gas
PprCO2[i — 11" - FRC + PgrCO2[i — 117 - Vp + B;CO2[i]- (FGy - Tg) + PerCO2[i — 117 - (V5 — Vo — FGy - Tg) +
CO2 transfered into lung from
the circulation (VBcgs)
PE O (1—5)-Tp-(Capy COBIT = C,COT
PerCo2f” = il r

Vr + FRC

Total volume of the alveolar space

Since all of these volumes and partial pressures are either
known, or can be estimated, the partial pressure of O2 in the
controlled gas mixture (P,O2[i]) and the partial pressure of
CO2 in the controlled gas mixture (P,CO2[i]) can be set to

induce target end-tidal partial pressures.

In some cases, some of the terms (braced terms in the
numerator of the above equations) contributing to the target
end-tidal partial pressure of 02 (P.;02[i]7) or the target
end-tidal partial pressure of CO2 (P.,CO2[i]") may be
neglected. For example, in most cases, the O, or CO,
re-inspired from the anatomical dead space (V) is small
compared to the O, or CO, in the other volumes that
contribute to the end-tidal partial pressures. In the case
where the volume of O2 or CO2 in the controlled gas
mixture is very large, for example when trying to induce a
large increase in the target end-tidal partial pressures, the O2
or CO2 transferred into the lung from the circulation may be
comparatively small and neglected. Neglecting any terms of
the mass balance equations will decrease computational
complexity at the expense of the accuracy of the induced

end-tidal partial pressures of gases.

40

-continued
(PgrCO2[i" = PerCO2[i - 1]7)-(FRC+ Vp) +
PegrCO2[i - 117 - (FGy - Tp) - PB- Q-
(1 =5)-Tp - (CuyCO2[i] - C, 02[i])

P,CO2[H] = T,

The above equations can be used to calculate the partial
pressure of O2 in the controlled gas mixture (P,02[i]) and
the partial pressure of CO2 in the controlled gas mixture
(P,CO2[i]) required to induce a target end-tidal target partial
pressure of 02 (P.,02[i]") and a target end-tidal partial
pressure of CO2 (P,,CO2[i]”) where the target end-tidal
partial pressure of O2 from the previous breath (P.,02[i-
11%), the target end-tidal partial pressure of CO2 from the
previous breath (P.,CO2[i-1]%), the functional residual
capacity (FRC), tidal volume (V ), rate at which the con-
trolled gas mixture is made available for inspiration (FG,),
the breath period (Tj), cardiac output (Q), intrapulmonary
shunt fraction (s), recirculation time (ng), mixed-venous
content of O2 entering the pulmonary circulation (C,,,02
[1]), mixed-venous content of CO2 entering the pulmonary
circulation (C,,CO2[i]), pulmonary end-capillary content
of 02 (C,02[i]), and pulmonary end-capillary content of
CO2 (C,CO2[i]) are either known, calculated, estimated,
measured, or predicted.

Notice that where this form sequential rebreathing is
employed, the anatomical dead space (V) does not factor
into the above equations and end-tidal targeting is indepen-
dent of its measurement or estimation. Notice also that the
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tidal volume (V) appears only in summation with the
functional residual capacity (FRC). Since the tidal volume
is, in general, small compared to the functional residual
capacity (V;=0.1-FRC), errors in measurement or estimation
of the tidal volume have little effect on inducing target
end-tidal partial pressures of gases. In fact, the above
equations can be used with the tidal volume term omitted
completely with little effect on results.

It is often useful in practise to maintain the end-tidal
partial pressures of gases steady for a predefined number of
breaths or period of time. This is a special case of inducing
target end-tidal partial pressures of gases where the target
end-tidal partial pressure of a gas in a breath is equal to the
target end-tidal partial pressure of said gas from the previous
breath.

P;02[i]7=P;;02[i-1]T OR

Pz CO2[1)7 =Pz CO2[i-1]7

Herein, the above general equations for calculating the
composition of the controlled gas mixture reduce to the
following:

PerO2[i)" -FG, - PB-Q-
(L =5)-(Cuy O2[i] = C,O2[i])

P,02[i] =

FG,
PgrCO2[i)" - FG, - PB-Q-

1 —5)-(CuyCO2[i] — C,CO2i

P,CORT] = (1 =5)-(Cuy [i]-Cp [i)

FG,

Notice, these equations do not require the estimation,
measurement, or determination of any of the subject’s
ventilatory or pulmonary parameters, namely, tidal volume
(V ), functional residual capacity (FRC), breath period (Tp),
or anatomical dead space (V).

The reduced or eliminated sensitivity of the equations to
the subject’s ventilatory parameters makes this method
useful in practise with spontaneously breathing subjects. It
is, however, not limited to spontaneously breathing subjects,
and may also be used in mechanically ventilated subjects.

A person skilled in the art will recognize that the volumes
and partial pressures required to calculate the partial pres-
sure of O2 in the controlled gas mixture (P,O2[i]) and the
partial pressure of CO2 in the controlled gas mixture (P,CO2
[i]) may need to be corrected for differences in temperature
or presence of water vapour between the lung and the
conditions under which they are measured, estimated, or
delivered. The corrections applied will depend on the con-
ditions under which these volumes and partial pressures are
measured, estimated, or delivered. All volumes and partial
pressures should be corrected to body temperature and
pressure saturated conditions. A person skilled in the art will
be comfortable with these corrections.

A person skilled in the art will also recognize the equiva-
lence between partial pressures and fractional concentra-
tions. Any terms expressed as partial pressures can be
converted to fractional concentrations and vice-versa. For
example, the partial pressure of O2 in the controlled gas
mixture (P,O2[i]) and the partial pressure of CO2 in the
controlled gas mixture (P,CO2[i]) may be converted a
fractional concentration of O2 in the controlled gas mixture
(F,O2[i]) and a fractional concentration of CO2 in the
controlled gas mixture (F,CO2[i]).
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FO2[i] = P:;);[i]
P,CO2(H]
FICO2i] = ——

Determine if Targets are Logistically Feasible

In practise, many different implementations of gas deliv-
ery devices and sequential gas delivery circuits may be used.
In general, it is logistically feasible to induce the target
end-tidal partial pressures for the current breath (P,.,02[i]%,
P, CO2[i]7) if:
1) The required partial pressures of gases in the controlled

gas mixture are physically realizable:

0<P,02[i]<PB a)
0<P,CO2[]<PB b)
P,02[i]+P,CO2[i]<PB )

2) The gas delivery device is capable of delivering a
controlled mixture of the desired composition at the
required flow rate
Where sequential rebreathing is carried out with a Hi-

Ox, sequential gas delivery circuit and a gas blender:
Assuming ng source gases (SG; . . . 8G,, ) are blended to

deliver the required mixture to the Hi-Ox¢; sequential gas

delivery circuit (SGDC). Each gas (m) contains a known
fractional concentration of O2 (fo2,,) and a known fractional
concentration of CO2 (fco2,,). The flow rate of each gas

(FSG,,[i]) required to deliver the total desired flow rate of

the controlled gas (FG,) with the required partial pressure of

02 (P,O2[i]) and the required partial pressure of CO2

(P,CO2[i]) can be determined by solving the following set of

equations:

nsG
Z FSG,[i] = FG,
m=1

nsG

. PiO2[i]
Z F02m - FSGlil = FG,
£ PB
9 _ P,CO2[
Z f02 - FSGuli] = FG,
L PB

The target end-tidal partial pressures for the current breath
(P, 02[i]%, P, CO2[i]7) are logistically feasible if:

0=P,02[i]<PB iy

0<P,CO2[]<PB 2)

P,02[i]+P,CO2[i]<PB 3)

4) There exists a solution to the above system of equations,
and

FSG,[i]20¥,, 5)

6) The gas blender is capable of delivering a controlled
mixture of the desired composition at the required flow
rate
It is therefore required that nys=3. It is computationally

optimal to have ngz=3.
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One possible set of gases is:

SG,: fco2,=0,fo2,=1
SG,: fco2,=1,f02,=0

SG;: fc02;=0,f02;=0

It may enhance the safety of the system to use gases with
a minimal concentration of O2 and maximum concentration
of CO2. In this case, a possible set of gases is:

SG: fco2,=0,fo2,=0.1
SG,: fc02,=0.4,f02,=0.1

SGj: feo02;=0,fo2;=1

The balance of the source gases when not entirely com-
posed of O2 and CO2 can be made up of any gas or
combination of gases, which may vary depending on the
context. The balance of the source gases is most often made
up of N2 because it is physiologically inert.

Adjusting Parameters to Make Logistically Infeasible
Targets Logistically Feasible:

It may occur that inducing a target end-tidal partial
pressure of 02 (P,02[i]¥) or a target end-tidal partial
pressure of CO2 (P.,CO2[i]¥) in a given breath is not
logistically feasible. This may occur because the partial
pressure of O2 in the controlled gas mixture (P;O2[i]) or the
partial pressure of CO2 in the controlled gas mixture (P,CO2
[1]) required to induce the target end-tidal partial pressure of
O2 or the target end-tidal partial pressure of CO2 is either
not physically realizable, or there does not exist a blend of
the current source gases (SG, . . . SG,, ) resulting in the
required the partial pressure of O2 in the controlled gas
mixture and the required partial pressure of CO2 in the
controlled gas mixture. If the composition of the controlled
gas mixture is not physically realizable for a given set of
targets, the targets may be modified and/or the rate at which
the controlled gas mixture is made available to the circuit
(FG,) modified, or where applicable, the tidal volume (V)
modified, until the composition is physically realizable. If
the composition of the controlled gas mixture is physically
realizable for a given set of targets, but no combination of
the source gases results in the required composition, the
targets may be modified and/or the rate at which the con-
trolled gas mixture is made available to the circuit modified,
or where applicable, the tidal volume (V ;) modified, and/or
different source gases used.

If P,O2[i]<0—The target end-tidal partial pressure of O2
(P,02[i]%) is not logistically feasible because the partial
pressure of O2 in the controlled gas mixture (P,02[i])
required to induce the target end-tidal partial pressure of O2
is not physically realizable. To make induction of the target
logistically feasible, increase the target end-tidal partial
pressure of O2. Alternatively, where sequential rebreathing
is used, the rate at which the controlled gas mixture is made
available to the circuit (FG,) may be modified. Where
sequential rebreathing is not used, the tidal volume (V ;) may
be modified.

It P,O2[i]>PB—The target end-tidal partial pressure of
02 (P,;02[i]%) is not logistically feasible because the partial
pressure of O2 in the controlled gas mixture (P,02[i])
required to induce the target end-tidal partial pressure of O2
is not physically realizable. To make induction of the target
logistically feasible, decrease the target end-tidal partial
pressure of O2. Alternatively, where sequential rebreathing
is used, the rate at which the controlled gas mixture is made

10

15

20

25

30

35

40

45

50

55

60

65

44

available to the circuit (FG,) may be modified. Where
sequential rebreathing is not used, the tidal volume (V) may
be modified.

If P,CO2[i]<0—The target end-tidal partial pressure of
CO2 (P,CO2[i]%) is not logistically feasible because the
partial pressure of CO2 in the controlled gas mixture (P,CO2
[1]) required to induce the target end-tidal partial pressure of
CO2 is not physically realizable. To make induction of the
target logistically feasible, decrease the target end-tidal
partial pressure of CO2. Alternatively, where sequential
rebreathing is used, the rate at which the controlled gas
mixture is made available to the circuit (FG,) may be
modified. Where sequential rebreathing is not used, the tidal
volume (V,) may be modified.

If P,CO2[i]>PB—The target end-tidal partial pressure of
CO2 (P,,CO2[i]?) is not logistically feasible because the
partial pressure of CO2 in the controlled gas mixture (P,CO2
[1]) required to induce the target end-tidal partial pressure of
CO2 is not physically realizable. To make induction of the
target logistically feasible, decrease the target end-tidal
partial pressure of CO2. Alternatively, where sequential
rebreathing is used, the rate at which the controlled gas
mixture is made available to the circuit (FG,;) may be
modified. Where sequential rebreathing is not used, the tidal
volume (V) may be modified.

If P,O2[i]+P,CO2[i]>PB—The combination of the target
end-tidal partial pressure of 02 (P,02[i]” and the target
end-tidal partial pressure of CO2 (P,,CO2[i]?) is not logis-
tically feasible because the combination of the partial pres-
sure of O2 in the controlled gas mixture (P,O2[i]) and the
partial pressure of CO2 in the controlled gas mixture (P,CO2
[1]) required to induce the targets is not physically realizable.
To make induction of the targets logistically feasible,
decrease the target end-tidal partial pressure of O2 and/or the
target end-tidal partial pressure of CO2. Alternatively, where
sequential rebreathing is used, the rate at which the con-
trolled gas mixture is made available to the circuit (FG))
may be modified. Where sequential rebreathing is not used,
the tidal volume (V;) may be modified.

If there does not exist a solution to the above system of
equations, or there exists a solution for which FSG,,[1]<0 for
any m, then the current source gases (SG, . . . SG,, ) cannot
be blended to create the controlled gas mixture. Different
source gases must be used to induce the end-tidal target of
02 (P,02[i]") and the end-tidal target of CO2 (P,,CO2[i]
7, or the desired targets must be changed. Alternatively, it
may be possible to modify the rate at which the controlled
gas mixture is made available to the circuit (FG,) until the
partial pressure of O2 in the controlled gas mixture (P,02[i])
and the partial pressure of CO2 in the controlled gas mixture
(P,CO2[i]) required to induce the targets are realizable with
the current source gases.

Often, the rate at which the controlled gas mixture is made
available to the circuit (FG,) is modified to make a target
end-tidal partial pressure of 02 (P.;O2[i]?) or a target
end-tidal partial pressure of CO2 (P,,CO2[i]?) logistically
feasible to induce. However, the rate at which the controlled
gas mixture is made available to the circuit should not be
increased to a rate beyond which the subject fails to con-
sistently exhaust the supply of the controlled gas mixture in
each breath. This maximal rate varies between subjects.
However, it is not necessary that the rate at which the
controlled gas mixture is made available to the circuit be the
same in every breath. Therefore, the rate at which the
controlled gas mixture is made available to the circuit may
be set to some basal value for most breaths, and only
increased in particular breaths in which the inducing the
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target end-tidal partial pressures is not logistically feasible at
the basal rate of flow. The basal rate at which the controlled
gas mixture is made available to the circuit should be a rate
at which the subject can comfortably, without undo venti-
latory effort, exhaust the supply of the controlled gas mix-
ture in each breath. The maximal rate at which the controlled
gas mixture is made available to the circuit should be the
maximum rate at which the subject can consistently exhaust
the supply of the controlled gas mixture in each breath with
a maximal ventilatory effort. The subject may be prompted
to increase their ventilatory effort in breaths where the rate
at which the controlled gas mixture is made available to the
circuit is increased.

Initializing the System

Let the index [0] represent the value of a variable for all
breaths before the start of the sequence (all values of i<0).
To initialize the system, the subject is allowed to breathe
freely, without intervention, until the measured end-tidal
partial pressure of 02 (P,,C02*) and the measured end-
tidal partial pressure of CO2 (P,CO2*) are stable—these
are taken as the baseline partial pressure of O2 (PEX:[O2OM)
and the baseline partial pressure of CO2 (P,CO2,™). The
measured end-tidal partial pressures are considered stable
when there is less than +5 mmHg change in the measured
end-tidal partial pressure of O2 and less than +2 mmHg
change in the measured end-tidal partial pressure of CO2
over 3 consecutive breaths. The rest of the variables are
initialized by assuming the whole system has equilibrated to
a steady state at the baseline end-tidal partial pressures.

Assume that end-tidal partial pressures are equal to the
baseline measurements:

Pp02(0)7=P,025

PprCO2[0]7=PpCO25Y
Assume pulmonary end-capillary partial pressures are
equal to end-tidal partial pressures:

P,02[0]=P£;02[0]"

P,CO2[0]=P£CO2[0]”

Calculate O2 Blood Contents Assuming Steady State:
Pulmonary End-Capillary O2 Saturation:

pH[0]=6.1+10g( [HCOs] ]

0.03- P,CO2[0]
—8532.2289-7 +2121.401-
72 —67.073989- 2% + z*
935960.87 —31346.258 - 7 + 2396.1674 -
72 —67.104406- 73 + 7*

5,02[0] = 100-

where 7 = P,02[0] - 1000 G7-T)+0.4-(pHI0]-74)+0.06 (log0-logP,, CO2OD
=p

Pulmonary End-Capillary O2 Content:

C,02[0] = 1.36- Hb 5,0000]
pO210) = 1.36-Hb- =55

+0.003- P,02[0]

Mixed-Venous O2 Content:

C O2[0] = C¢,02[0 Voo
mvnO2[0] = C, []—m

Cuy O2[0] = Cyy(ryO2[0]

10

15

20

25

30

35

40

45

50

55

60

46
Arterial O2 Content:

C,02[0]=(1-5)C,02[0]+5-C,,02[0]

02 Content of Each Compartment in the Model:
Forj=1...ng,,

vo2;-VO2

Cy02,[0] = C,02[0] -
y02,10] - =%

Calculate CO2 Blood Contents Assuming Steady State:
Pulmonary End-Capillary CO2 Content:

0.02924- Hb

c,co20] =[1.0- .,
SpO2[0] 2
(2.244— 0422 ( . ))
(8.740 — pHIO)

Cpy = 0.0301- P,CO2[0] - (1 + 10PHI0-610) .9 796
Mixed-Venous CO2 Content:

vCo2
Cay CO201 = C,CONOT+ =5

Cuav CO2[0] = Cipy, CO2(0]

Arterial CO2 Content:
C,CO2[0]=(1-5)-C,CO2[0]+5-CCO2[0]

CO2 Content of Each Compartment in the Model:
Fork=1... 10,0,

veo2y - VCO2

CyCO% [0] = C,CO2[0] +
g Q

Tuning the System

The parameters of the system can be tuned so that the
measured end-tidal partial pressures of 02 (P,,O2[i]*) and
the measured end-tidal partial pressures of CO2 (P,,CO2
[i1*) during any sequence more closely reflect the target
end-tidal partial pressures of 02 (P.,02[i]") and target
end-tidal partial pressures of CO2 (P,CO2[i]?). To tune the
system parameters, standardized tuning sequences are run
and the measured results compared to the targets. The
difference between measured end-tidal partial pressures and
the target end-tidal partial pressures in the standardized
tuning sequences can be used to refine the estimates of some
physiological parameters.

Example Tuning Sequence:

The tuning sequence sets the target end-tidal partial
pressure of 02 (P,,02[i]?) at 5 mmHg above the baseline
end-tidal partial pressure of 02 (P;,02,) throughout the
sequence, and executes a 5 mmHg step-change in the
end-tidal partial pressure of CO2 (P.,CO2[i]?) from 5
mmHg above the baseline end-tidal partial pressure of CO2
(P,CO2,M) to 10 mmHg above the baseline end-tidal
partial pressure of CO2 in breath 30 (i=30) of the sequence.

PrO2[i17=P5;025M+5i=1 . . . 60
PriCO2[i] T =Pz ;CO2M+5i=1 . .. 29

Pr7CO2[i]"=Pg;CO2M+10i=30 . . . 60
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The estimate of the functional residual capacity (FRC)
can be refined as a function of the difference between the
actual step change induced in the end-tidal CO2 (P;,CO2
[301-P,CO2[29]*) and the target step-change (P.,CO2
[30]7-P,CO2[29]"=5) in breath 30 (i=30).

FRC=FRC+0((Pg7CO2[301"-P5CO2[29]*)-
(P£rCO2[30]"-P£,CO2[29])

=200 ml/mmHg

In general, the correction factor (a) can range from
50-500 ml/mmHg. Lower values of the correction factor will
produce a more accurate estimate of the functional residual
capacity (FRC) while requiring more tuning iterations.
Higher values will reduce the number of tuning iterations
but may cause the refined estimate of the parameter to
oscillate around the optimal value.

The estimate of the overall metabolic O2 consumption
(VO2) can be refined as a function of the difference between
the target end-tidal partial pressure of 02 (P,,;02[60]%) and
the measured end-tidal partial pressure of O2 (P, 02[60]*)
in breath 60 (i=60).

VO2=V02-P(Pz02[601M-P,,02[60]1)p=10
ml/min/mmHg

In general, the correction factor (}) can range from 5-200
ml/min/mmHg. Lower values of the correction factor will
produce a more accurate estimate of the overall metabolic
02 consumption (VO2) while requiring more tuning itera-
tions. Higher values will reduce the number of tuning
iterations but may cause the refined estimate of the param-
eter to oscillate around the optimal value.

The estimate of the overall metabolic CO2 production
(VCO2) can be refined as a function of the difference
between the target end-tidal partial pressure of CO2
(P,C0O2[29]%) and the measured end-tidal partial pressure
of CO2 (P,;CO2[291™) in breath 29 (i=29).

VCO2=VCO25+y(Pr7CO2[291-Pr,CO2[29] T )y=10
ml/min/mmHg
Alternatively, the estimate of the overall metabolic CO2
production (VCO2) can be refined as a function of the
difference between the target end-tidal partial pressure of
CO2 (P,;C0O2[60]) and the measured end-tidal partial
pressure of CO2 (P.,CO2[60]*) in breath 60 (i=60)

VCO2=VCO24+y(Pr7CO2[601-Pz,CO2[60]T)y=10
ml/min/mmHg

In general, the correction factor (y) can range from 5-200
ml/min/mmHg. Lower values of the correction factor will
produce a more accurate estimate of the overall metabolic
CO2 production (VCO2) while requiring more tuning itera-
tions. Higher values will reduce the number of tuning
iterations but may cause the refined estimate of the param-
eter to oscillate around the optimal value.

General Requirements of a Tuning Sequence:

In breaths where the target end-tidal partial pressures of
gases are transitioning between values, the estimate of the
functional residual capacity (FRC) determines the magni-
tude of the change induced in the actual end-tidal tidal
partial pressures of gases. The estimate of the overall
metabolic O2 consumption (VO2) influences the induced/
measured end-tidal partial pressure of 02 (P,,02[i]*) in
steady state. Similarly, the estimate of the overall metabolic
CO2 production (VCO2) influences the induced/measured
end-tidal partial pressure of CO2 (P.,CO2[i]*) in steady
state.

It therefore follows that a difference between the mea-
sured change in the end-tidal partial pressure of O2 (P;,02
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[iP*-P;,02[i-11*) and the targeted change in the end-tidal
partial pressure of 02 (P,,02[i]*-P,02[i-1]%) in breaths
where the target end-tidal partial pressure of O2 is not equal
to the target end-tidal partial pressure of O2 from the
previous breath (P,,02[i]7#P,,02[i-1]7), or a difference
between the measured change in the end-tidal partial pres-
sure of CO2 (P,CO2[i}*-P,CO2[i-11%) and the targeted
change in the end-tidal partial pressure of CO2 (Pg,
CO2[i]*-P,,CO2[i-1]7) in breaths where the target end-
tidal partial pressure of CO2 is not equal to the target
end-tidal partial pressure of CO2 from the previous breath
(P, CO2[i]7#P,CO2[i-1]7), reflect errors in the estimate
of the functional residual capacity (FRC).

Conversely, differences between the target end-tidal par-
tial pressure of 02 (P,;02[i]?) and the measured end-tidal
tidal partial pressure of O2 (P,02[i]*) in breaths at the end
of a long (20 breath) period of constant target end-tidal
partial pressures of 02 (P,02[i]"=P,,02[i-1]7) reflect
errors in the overall metabolic O2 consumption (VO2). It is
assumed that the measured end-tidal partial pressures of O2
will have stabilized (less than +5 mmHg change in the
measured end-tidal partial pressure of O2 over 3 consecutive
breaths), although not necessarily at the target end-tidal
partial pressure of O2, after 20 breaths of targeting the same
end-tidal partial pressures of O2. If, however, the measured
end-tidal partial pressure of O2 has not stabilized after 20
breaths of targeting the same end-tidal partial pressures of
02, a longer duration of targeting the same end-tidal partial
pressure of O2 should be used for tuning the overall meta-
bolic consumption of O2.

Differences between the target end-tidal partial pressure
of CO2 (P,,CO2[i]?) and the measured end-tidal tidal
partial pressure of CO2 (P.,CO2[i]*) in breaths at the end
of a long (20 breath) period of constant target end-tidal
partial pressures of CO2 (P,,CO2[i]"=P.,CO2[i-1]7)
reflect errors in the overall metabolic CO2 production
(VCO2). It is assumed that the measured end-tidal partial
pressures of CO2 will have stabilized (less than +2 mmHg
change in the measured end-tidal partial pressure of CO2
over 3 consecutive breaths), although not necessarily at the
target end-tidal partial pressure of CO2, after 20 breaths of
targeting the same end-tidal partial pressures of CO2. If,
however, the measured end-tidal partial pressure of CO2 has
not stabilized after 20 breaths of targeting the same end-tidal
partial pressures of CO2, a longer duration of targeting the
same end-tidal partial pressure of CO2 should be used for
tuning the overall metabolic production of CO2.

The tuning sequence described above is only an example
of one sequence that can be used to tune the estimates of the
physiological parameters.

The functional residual capacity (FRC) can be tuned by
observing the difference between the measured change in the
end-tidal partial pressure of 02 (P,,02[i]*-P.,02[i-1]*)
and the targeted change in the end-tidal partial pressure of
02 (P,,07i]"-P,,02[i-1]%) in breaths where the target
end-tidal partial pressure of O2 is not equal to the target
end-tidal partial pressure of O2 from the previous breath
(PzO2[1]"=P,02[i-11%), or a difference between the mea-
sured change in the end-tidal partial pressure of CO2
(P,CO2[i]*-P,,CO2[i-11) and the targeted change in
the end-tidal partial pressure of CO2 (P.,CO2[i]’-P,CO2
[i-11%) in breaths where the target end-tidal partial pressure
of CO2 is not equal to the target end-tidal partial pressure of
CO2 from the previous breath (P,CO2[i]"#P,CO2[i-1]%).
Therefore, any sequence that targets the induction of a
change in the end-tidal partial pressure of O2, or a change
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in the end-tidal partial pressure of CO2, can be used to tune
the estimate of the functional residual capacity.

The overall metabolic consumption of 02 (VO2) can be
tuned by observing the difference between the target end-
tidal partial pressure of O2 (P.,02[i]7) and the measured
end-tidal tidal partial pressure of O2 (P,0[i]*) in breaths
at the end of a long (20 breath) period of constant target
end-tidal partial pressures of O2 (P, 02[i]"=P.,02[i-1]%).
It is assumed that the measured end-tidal partial pressures of
02 will have stabilized (less than +5 mmHg change in the
measured end-tidal partial pressure of O2 over 3 consecutive
breaths), although not necessarily at the target end-tidal
partial pressures of 02, after 20 breaths of targeting the same
end-tidal partial pressures of O2. If, however, the measured
end-tidal partial pressure of O2 has not stabilized after 20
breaths of targeting the same end-tidal partial pressures of
02, a longer duration of targeting the same end-tidal partial
pressure of O2 should be used for tuning the overall meta-
bolic consumption of O2. Therefore, any sequence that
targets to maintain the end-tidal partial pressure of O2
constant for a sufficiently long duration may be used to tune
the estimate of the overall metabolic consumption of O2.

The overall metabolic production of CO2 (VCO2) can be
tuned by observing the difference between the target end-
tidal partial pressure of CO2 (P,CO2[i]7) and the measured
end-tidal tidal partial pressure of CO2 (P.,CO2[i]*) in
breaths at the end of a long (20 breath) period of constant
target end-tidal partial pressures of CO2 (Pg,
CO2[i]*=P,CO2[i-11%). It is assumed that the measured
end-tidal partial pressures of CO2 will have stabilized (less
than +2 mmHg change in the measured end-tidal partial
pressure of CO2 over 3 consecutive breaths), although not
necessarily at the target end-tidal partial pressure of CO2,
after 20 breaths of targeting the same end-tidal partial
pressures of CO2. If, however, the measured end-tidal
partial pressure of CO2 has not stabilized after 20 breaths of
targeting the same end-tidal partial pressures of CO2, a
longer duration of targeting the same end-tidal partial pres-
sure of CO2 should be used for tuning the overall metabolic
production of CO2. Therefore, any sequence that targets to
maintain the end-tidal partial pressure of CO2 constant for
a sufficiently long duration may be used to tune the estimate
of the overall metabolic production of CO2.

It is not required that all parameter estimates are tuned in
the same sequence. Tuning of all parameters in the example
sequence is done only for convenience. Different tuning
sequences may be used to tune the estimates of different
individual, or groups of, parameters.

Embodiments of Mass Balance Equations:

No SGD:
PerX[i)T - (FRC+ Vy) — PerX[i—-11 -
(FRC+ Vp) = PB-Q-(1 —5)-Tg - (Cyy X[i] - C, X[i])
FiX[i] =
(Vr—Vp)-PB
SGD:
(Per X[ = PerX[i—117)-(FRC + V) +
PerX[i-1]7 - (FG,-Tg) = PB-Q-(1 - s)-
Tp - (Cuy X[i] - C, X[iD)
FiX[i] =

FG,-Ts-PB
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As seen in FIGS. 8a and 86 a ramp sequence reveals the
sigmoidal nature of a pattern of a physiological response—
mid-cerebral artery blood flow velocity—showing its sig-
moidal nature over different time courses depending on
whether the subject is a fast or slow responder.

FIG. 9 blood flow responses to PCO, predicted for the
model of a brain vascular territory with a partially-stenosed
vessel branch and a healthy branch in parallel. Where there
is some blood flow resistance upstream from the branches,
it causes the partially-stenosed vessel to encroach on its
vasodilatory reserve by an auto-regulatory mechanism. A
vasodilatory stimulus such as in increase in arterial CO, will
stimulate all vessels to dilate, but those vessels that have
already dilated in response to the increase in upstream
resistance have a reduced range of response. The solid red
line in FIG. 9 depicts the sigmoidal response of a normal
branch. The dotted blue line depicts the response of the
partially stenosed vessel branch when coupled in parallel
with the normal vessel branch, showing steal in hypercapnia
and reverse steal in hypocapnia. The slopes of the straight
lines show the predicted CVR values for PCO, stimulus
ranges 40-45 and 40-50 mmHg. The filled circle marks the
resting blood flow at resting PCO, and the open circles show
the measured responses for a healthy territory (solid circles
and line) and a territory perfused via a stenosed vessel
(dotted circles and line).

FIG. 9 illustrates the sigmoidal relationship between
regional blood flow and PCO, predicts that CVR in a
vascular territory with adequate vasodilatory reserve will be
greater for increases in PCO, from 40 to 45 mmHg vs.
increases from 40 to 50 mmHg. By contrast, a vascular
territory downstream from a hemodynamically significant
stenosis may have a positive CVR when the PCO, change is
in a range where some vasodilatory reserve is preserved, but,
with a greater stimulus range such as 40-50 mmHg PCO,,
these vessels reach their vasodilatory limit and the continued
vasodilatory capacity in other regions will induce steal.

The model outlined in FIG. 9 was investigated a compre-
hensive manner by using it to predict the change in CBF
region by region in response to graded changes in PETCO,
in a patient with steno-occlusive disease.

FIG. 10 shows an example of the development of steal
with hypercapnia, and reverse steal (Robin Hood effect) with
hypocapnia [Lassen, 1968 #16325]. Both of these conditions
were observed in the same patient, confirming that steal and
reverse steal are a function of the changes taking place in the
parallel branches of the vascular bed with intact cerebral
autoregulation. The CVR map in response to a hypercapnic
change in PETCO, from 30 to 50 mmHg is shown in FIG.
10A and colour coded with the scale shown. We interpret the
blue colour of the right MCA territory as signifying a
vascular bed with reduced vasodilatory reserve (presumably
as a result of MCA stenosis). The CVR maps for an axial
slice at different PETCO, ranges for a 18 year old male
patient with moya moya disease affecting the right MCA
territory are divided as follows (A) CVR map calculated for
a hypocapnic PETCO, change from 40 to 30 mmHg. (B)
CVR map calculated for a hypercapnic PETCO, change from
30 to 40 mmHg. (C) CVR map calculated for a hypercapnic
PErCO, change from 40 to 50 mmHg. (D) CVR map
calculated for a hypocapnic PETCO, change from 50 to 40
mmHg. (E) CVR map calculated over the full hypercapnic
PerCO, change from 30 to 50 mmHg. In this subject,
inducing a reduction of PETCO, from 40 mmHg to 30 mmHg
produces a robust constriction in the healthy left brain
territory and a decrease in the blood flow and BOLD signal
(FIG. 10, CVR A). The CVR is color coded as before, but
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with the convention that its sign follows the BOLD change,
so the CVR map is predominantly blue in the ‘normal’
vascular beds. However, a careful inspection of FIG. 10
(CVR A) shows some yellow and orange colouration in the
right MCA territory, indicating areas of increasing blood
flow and CVR due to reverse steal, as predicted by the model
demonstrated in FIG. 9. With another change in the direction
of' the stimulus, the hypercapnic increase in PETCO, from 30
to 40 mmHg produces a large increase in flow in the healthy
left MCA region, but a lesser increase in the compromised
right MCA region (FIG. 10, CVR B). Within this range of
PetrCO, hypercapnia, the right MCA territory demonstrates
some vasodilatory reserve. Nevertheless, as predicted and
illustrated in FIG. 9, further hypercapnia to 50 mmHg results
in a greater steal and the CVR values are negative, and the
map is coloured blue (FIG. 10, CVR C). Finally, our
conceptual model predicts that withdrawal of the vasodila-
tory stimulus will abolish the steal and induce a reverse steal
via the Robin Hood effect. Once again, this result is
observed in FIG. 10 (CVR D); this CVR map is virtually the
reverse image of the CVR map calculated for the full range
of 30 to 50 mmHg change in PETCO, (FIG. 10, CVR E). In
FIG. 10 the BOLD signal vs. time is presented for the whole
brain, an average value of all voxels.

EXAMPLE 1

An apparatus according to the invention was used to target
end tidal gas concentrations of CO, and O, in 35 subjects.
We targeted the following sequence (values attained in
brackets): normocapnia (60 seconds a PetCO,=40 mm Hg,
SD=1 mm; PetO,=100 mm Hg, SD=2 mm), Hypercapnia
(60 seconds at PetCO,=50 mm Hg, SD=1 mm; PetO,=100
mm Hg, SD=2 mm), normocapnia (100 seconds), hypercap-
nia (180 seconds), and normocapnia (110 seconds). FIG. 11
comprises a partial raw data set for 6 subjects.
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What is claimed is:

1. An apparatus for controlling an amount of at least one
gas X in a subject’s lung to attain a series of targeted end
tidal partial pressures of the at least one gas X (PetX7), the
series of targeted end tidal partial pressures of the at least
one gas X (PetX”) selected to stimulate a physiological
response, the apparatus comprising:

(1) a gas delivery device;

(2) a control system for controlling the gas delivery

device, wherein the control system is adapted to target
a series of PetX” values for a series of respective
breaths [i], the series of PetX” values comprising at
least one of a set of PetX” increments and a set of PetX”
decrements, the control system including means for:
a. obtaining input of a series of logistically attainable
PetX” values for the series of respective breaths [i];
b. performing a prospective computation of an amount
of gas X required to be inspired by the subject in an
inspired gas to target the PetX” for a respective
breath [i], the performing comprising:
i. computing a mass balance equation including input
of the concentration of gas X in the mixed venous
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blood entering the subject’s pulmonary circulation
for gas exchange in a respective breath [i] (CMVX
[i]); and
ii. outputting one or more values required to control
the amount of gas X in a volume of gas delivered
to the subject, based on the mass balance equation;
and
c. controlling the amount of gas X in a volume of gas
delivered to the subject in a respective breath [i] to
target the respective PetX” for the breath [i];
wherein at least one of a length and a number of breaths
[1] in the series of respective breaths [i] is selected to
show a pattern of the subject’s physiological response
including a dose response to the at least one of the set
of PetX” increments and the set of PetX” decrements.

2. The apparatus of claim 1, wherein the at least one gas
X includes carbon dioxide (CO,) and wherein the physi-
ological response is a vasodilatory response, wherein at least
a set of logistically attainable PetCO,” increments repre-
senting a desired range of a vasoactive stimulus is input in
step a. to attain a series of PetCO,” values for the series of
respective breaths [i], and wherein the series of breaths [i]
are selected to satisfy a condition, the condition defined by
at least one of a predicted and measured attainment of at
least a minimum increment in the subject’s vasodilatory
response to an increment in the subject’s end tidal partial
pressure of carbon dioxide.

3. The apparatus of claim 1, wherein the prospective
computation relies on a tidal model of the lung.

4. The apparatus of claim 1, wherein the mass balance
equation is computed in terms of discrete respective breaths
[1] including one or more discrete volumes corresponding to
a subject’s functional residual capacity, anatomic dead
space, a volume of gas transferred between the subject’s
lung and pulmonary circulation in the respective breath [i]
and an individual tidal volume of the respective breath [i].

5. The apparatus of claim 1, where the physiologic
response over the time course of the response is exponential,
and wherein a rate of change in PetX” is selected such that
three time constants in the progress of the response are
achieved before a next breath [i].

6. The apparatus of claim 1, where the physiologic
response over its time course is exponential, and wherein a
rate of change in PetX” is selected such that three time
constants in the progress of the response are achieved before
a next breath [i].

7. The apparatus of claim 1, wherein the control system,
in each respective breath [i], controls the delivery of at least
a first inspired gas and wherein delivery of the first inspired
gas is coordinated with delivery of a second inspired neutral
gas, wherein a selected volume of the first inspired gas is
delivered in the first part of the respective breath [i] followed
by the second inspired neutral gas for the remainder of the
respective breath [i], wherein volume of the first inspired gas
is fixed or selected for one or more sequential breaths by
way of user input so that intake of the second inspired
neutral gas at least fills the entirety of the anatomic dead
space.

8. The apparatus of claim 1, wherein the gas delivery
device is a gas blender.

9. The apparatus of claim 1, wherein the gas X is CO,.

10. The apparatus of claim 9, wherein a series of PetCO,
targets provide a series of controlled vasoactive stimuli for
measurement of vascular reactivity.

11. The apparatus of claim 10, wherein the series of
PetCO, targets provide at least one of the following:
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a) a controlled as active stimulus for measurement of
cerebrovascular reactivity;

b) a controlled vasoactive stimulus for measurement of
liver, kidney, heart or eye vascular reactivity;

¢) a simultaneous change in the subject’s end tidal partial
pressures of oxygen and carbon dioxide to selected
values, to potentiate a diagnosis or to treat cancer; and

d) a controlled vasoactive stimulus for diagnosing steno-
occlusive-disease.

12. The apparatus of claim 1, wherein a respective PetX
[i]¥ for a series of breaths [i] increases every Nth breath in
respective selected increments (“Z”) from the start of the
series to the end of the series (from PetX[i']” to PetX[i"]7),
wherein either N equals 1 and Z is greater than 0 in each
breath in the series, or N is greater than 1 and Z may be zero
in breaths which are not the Nth breath and Z is greater than
0 in every Nth breath.

13. A computer program product for use in conjunction
with a gas delivery device to control an amount of at least
one gas X in a subject’s lung to attain a series of target end
tidal partial pressure of the at least one gas X (PetX?)
selected to stimulate a physiological response, the computer
program comprising program code for:

a. obtaining input of a series of logistically attainable end
tidal partial pressure of gas X (PetX”) for a respective
breath [i]; and

b. performing a prospective computation to obtain input
of an amount of gas X required to be inspired by the
subject in an inspired gas to target the PetX[i]T based on
the input, the performing comprising:

i. computing a mass balance equation including input
of the concentration of gas X in the mixed venous
blood entering the subject’s pulmonary circulation
for gas exchange in a respective breath [i] (CMVX
[i]); and

ii. outputting one or more values required to control the
amount of gas X in a volume of gas delivered to the
subject, based on the mass balance equation;

wherein at least one of a length and a number of breaths

[1] is selected to disclose a pattern of a physiologic

response to the series of targeted end tidal partial

pressures of the at least one gas X.

14. A method for controlling an amount of at least one gas
X in a subject’s lung to attain a series of targeted end tidal
partial pressures of at least one gas X (PetX?), the method
comprising:

a. obtaining input of a series of logistically attainable
PetX” values for a series of respective breaths [i]
comprising at least one of a set of PetX” increments and
set of PetX” decrements; and

b. performing a prospective computation of an amount of
gas X required to be inspired by the subject in an
inspired gas to target the respective PetX” for the breath
[1], the performing comprising:

i. computing a mass balance equation including input
of the concentration of gas X in the mixed venous
blood entering the subject’s pulmonary circulation
for gas exchange in a respective breath [i] (CMVX
[i]); and

ii. outputting one or more values required to control the
amount of gas X in a volume of gas delivered to the
subject, based on the mass balance equation;

wherein at least one of a length and a number of breaths

[1] in the series of respective breaths [i] is selected to

disclose a pattern of a physiologic response to the series

of targeted end tidal partial pressures of the at least one

gas X.
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15. The method of claim 14, wherein each breath [i] is a
respective breath [i] and wherein a respective PetX[i]T for the
series of breaths [i] increases every Nth breath in respective
selected increments (“Z”) from the start of the series to the
end of the series (from PetX[i']” to PetX[i"]7), wherein
either N equals 1 and X is greater than 0 in each breath in
the series, or N is greater than 1 and Z may be zero in breaths
which are not the Nth breath and Z is greater than O in every
Nth breath.

16. The method of claim 14, wherein the physiologic
response over the time course of the response is exponential,
and wherein a rate of change in PetX” is selected such that
two time constants in the progress of the response are
achieved before a next breath [i].

17. The method of claim 14, wherein the physiologic
response over the time course of the response is exponential,
and wherein a rate of change in PetX” is selected such that
three time constants in the progress of the response are
achieved before a next breath [i].
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18. The method of claim 14, wherein the gas X is CO, and
wherein a series of PetCO, targets provide a series of
controlled vasoactive stimuli for measurement of vascular
reactivity.

19. The method of claim 14, wherein X is CO, and
wherein a series of PetCO, targets provide a series of
controlled vasoactive stimuli for measurement of at least one
of the following:

a) a controlled vasoactive stimuli for measurement of

cerebrovascular reactivity;

b) a controlled vasoactive stimulus for measurement of

liver, kidney, heart or eye vascular reactivity;

¢) a simultaneous change in the subject’s end tidal partial

pressures of oxygen and carbon dioxide to selected
values, for example to potentiate a diagnosis or to treat
cancer; and

d) a controlled vasoactive stimulus for diagnosing steno-

occlusive-disease.
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